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ABSTRACT 


Growth  of  HgCdTe  has  been  carried  out,  using  a  new  reaction  chamber  with  a  ro¬ 
tating  susceptor.  A  compositional  uniformity  of  ±0.001  (Cd-fraction)  has  been  obtained 
over  a  1"  diameter. 

Low  temperature  growth  of  HgTe  and  HgCdTe  have  been  achieved  using  methy- 
laiiyitellurlde  as  the  tellurium  source.  This  has  allowed  growth  in  the  250-320°C  range 
with  featureless  morphology.  Layers  have  an  x-ray  FWHM  which  is  comparable  to  that 
of  the  substrate.  Abruptness  of  the  interface  is  also  excellent,  as  evidenced  by  sharpness 
of  pass-band  fringes  in  the  FTIR  characteristic. 

Extensive  annealing  studies  have  been  carried  out  on  HgCdTe  layers.  We  have 
found  that  these  are  considerably  harder  to  anneal  than  would  be  expected  from  bulk 
annealing  data.  A  two  temperature  process  has  been  developed  to  completely  anneal 
these  layers.  A  computer  program,  assuming  a  two-layer  model,  has  been  written  to 
evaluate  partially  annealed  layers,  which  have  anomalous  Hall  characteristics.  This  has 
allowed  separation  of  the  surface  and  bulk  characteristics  of  these  layers. 

P-type  doping  has  been  achieved,  for  the  first  time,  in  OMVPE  grown  HgCdTe. 
Doping  levels  to  8  xl0^®/cm^  have  been  obtained,  using  arsine  gas  as  the  arsenic  source. 
Arsenic  doping  has  been  established  by  SIMS,  and  also  by  the  fact  that  the  doping  level 
is  unchanged  after  a  15  hour  treatment  at  205®C. 

Lifetime  measurements  have  been  made  using  the  technique  of  time  domain  reflec- 
tometry.  This  hzis  allowed  non-invasive  measurements  to  be  made  on  HgCdTe  layers. 
Photoconductive  devices  have  also  been  used  to  corroborate  the  data  obtained  from  time 
domain  reflectometry  measurements. 
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1.  INTRODUCTION 


The  goal  of  this  program  is  to  conduct  research  on  Mercury  Cadmium  Telluride 
and  related  compounds.  Its  emphasis  is  on  the  growth  of  thin  films  of  these  materials 
by  means  of  Organometallic  Vapor  Phase  Epitaxy,  and  on  their  characterization.  This 
report  outlines  tasks  proposed  and  the  accomplishments  during  the  fourth  year  of  our 
program. 

2.  WORK  ACCOMPLISHED  DURING  THE  PAST  YEAR 

2.1  Reactor  Development 

Our  original  reaction  chamber,  which  used  a  stationary  susceptor,  was  replaced  dur¬ 
ing  the  last  year  with  a  new  unit  which  has  provisions  for  rotation.  In  addition,  the  re¬ 
actor  system  was  modified,  and  some  of  the  gas  channels  reconfigured  to  allow  for  stable 
operation  over  long  periods  of  time. 

In  this  new  system,  the  rotating  platform  is  convectively  heated  by  means  of  a  fixed 
heating  element,  whose  temperature  is  controlled  by  a  feedback  controller.  As  a  result, 
temperature  variations  of  the  platform  C2ui  occur  due  to  the  flow  of  hydrogen  and  chemi¬ 
cal  species  over  the  substrate.  The  net  result  is  that  composition  control  over  the  time 
duration  of  a  growth  run  was  inadequate,  as  evidenced  by  a  graded  character  to  the 
FTIR  transmission  curve. 

Many  attempts  were  made  to  solve  this  problem  by  optimizing  the  controller  pa¬ 
rameters,  and  by  minimizing  substrate-heater  clearances.  The  problem  was  eventually 
solved  by  redesigning  the  system  so  that  the  heater  and  the  platform  were  integral  units. 
Slip  rings  were  used  to  provide  power  to  this  rotating  system,  and  also  to  its  imbedded 
thermocouple.  This  has  proved  completely  satisfactory,  as  evidenced  by  a  steep  transi¬ 
tion  region  in  the  FTIR  curves  taken  on  layers  grown  with  the  system. 
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Using  this  rotating  heater,  MCT  layers  have  been  grown  with  a  ±0.001  composi¬ 
tional  uniformity  over  a  1"  diameter.  We  are  now  in  the  process  of  making  minor  ad- 
jiistments  to  the  system,  and  hope  to  meet  our  goal  of  ±0.005  variation  over  a  2"  diame¬ 
ter  slice  during  the  coming  year. 

A  total  of  73  runs  were  made  on  this  reactor  during  the  l«ist  year.  In  addition,  121 
runs  were  made  on  our  research  reactor.  This  machine,  built  in  1970,  and  perennially 
upgraded  since  then,  continues  to  be  useful  in  trying  out  new  ideas  with  a  rapid  turn 
around  time.  Consequently,  it  is  still  in  full  use. 

Mercury  cadmium  telluride  (MCT)  layers  have  been  grown  on  bulk  CdTe  sub¬ 
strates,  as  well  as  on  CdTeSe  and  CdTeZn  substrates.  Considerable  work  has  been  done 
on  GaAs  substrates  as  well. 

Work  has  started  on  the  construction  of  a  new  reactor,  which  incorporates  many  ad¬ 
vanced  design  features.  The  concept  for  this  machine  was  laid  out  Itist  year.  It  has  been 
designed  as  an  extremely  flexible  unit,  with  high  speed  valves,  pressure  balancing,  and 
full  computer  control.  Two  completely  separate  chaimels  are  provided,  to  allow  growth 
by  conventional  as  well  as  by  atomic  layer  epitaxy. 

The  machine  was  originally  developed  to  be  used  for  HgCdTe.  However,  we  have  al¬ 
tered  some  aspects  of  the  design  in  order  to  respond  more  closely  to  the  recent  DARPA 
shift  in  emphasis  towau’ds  wide  gap  materials  such  eis  ZnSe  and  ZnTe.  Provision  has 
been  made  for  the  use  of  both  conventional  as  well  as  pre-cracked  sources,  and  also  for 
the  mechanical  separation  of  species  in  a  chamber  with  a  rotating  susceptor.  The  pres¬ 
sure  balancing  feature,  combined  with  computer  control,  will  allow  the  growth  of  super¬ 
lattices  as  well  as  ternary  alloys  in  this  system. 

At  the  present  time,  system  construction  has  proceeded  to  the  point  where  all  of  the 
input  and  exit  plumbing  are  in  place.  Time  and  cost  constraints  have  prevented  the  fab¬ 
rication  of  the  reaction  chamber  for  now.  It  is  our  intention  however,  to  keep  this  cham- 
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ber  extremely  simple  at  first,  and  construct  the  final  version  after  some  of  the  system 
characteristics  have  been  worked  out  in  preliminary  runs. 

2.2  Cadmium  Tellur ide 

A  considerable  amount  of  work  has  been  carried  out  in  past  years  on  the  devel¬ 
opment  of  high  quality  layers  of  CdTe,  grown  on  InSb,  to  which  it  is  closely  lattice 
matched  (0.07%).  The  resulting  material  is  of  excellent  crystal  quality,  eis  evidenced  by 
a  photoluminescent  peak  with  a  FWHM  of  2.1  meV  at  12K,  in  undoped  material.  This 
value  is  the  lowest  reported  for  epitaxial  CdTe  grown  by  OMVPE.  In  addition,  double 
crystal  x-ray  diffraction  measurements  on  this  material  has  resulted  in  a  FWHM  of  20 
arc  seconds,  with  coherent  epitaxy  for  growth  at  350°C. 

Both  p-  and  n-type  extrinsic  doping  of  these  layers  has  been  achieved,  using  AsHa 
and  (C2H5)3ln  as  the  acceptor  and  donor  dopant  sources  respectively.  With  both 
dopants,  concentration  levels  up  to  1  x  10*^^  cm“^  to  3  x  lO'^'^  cm“^  have  been  obtained. 
N-type  layers,  doped  to  8  x  10*^^  cm~®,  had  a  300K  Hall  mobility  value  of  900  cm^/Vs 
and  a  30K  Hall  mobility  of  3500  cm^/Vs.  This  is  comparable  to  values  obtained  for  the 
best  bulk  CdTe  with  the  same  doping  level. 

A  room  temperature  mobility  of  80  cm^/Vs  was  measured  for  p-CdTe  layers  doped 
in  the  3  x  10^®  to  3  x  10^®  cm“®  range.  The  ionization  energy  of  the  arsenic  acceptor 
was  determined  to  be  62±4  meV,  by  means  of  variable  temperature  Hall  and  resistivity 
measurements. 

Extrinsic  doped  junction  diodes  have  been  fabricated  by  successive  growth  of  p-  and 
n-layers  on  InSb  substrates.  Diodes  have  been  shown  to  exhibit  excellent  characteristics, 
comparable  to  those  obtained  conventionally  in  GaAs  devices.  Typical  cheuacteristics 
are  an  ideality  factor  of  1.04  at  a  forward  bias  of  0.5V,  a  saturation  current  density  of 
1.8  xlO"*^^  A/cm^,  and  a  leakage  current  of  1.6  xlO"^)  A/cm?.  These  diodes  were  ex- 
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trinsically  doped  to  1  x  10^^/cm^  on  both  the  p-  and  the  n-side  with  arsenice  and  indium 
respectively.  Light  emission  has  also  been  measured  from  forward  biased  diodes  of  this 
type. 

A  number  of  experiments  were  devised  to  obtain  some  insight  into  the  mechanism 
by  which  arsenic  doping  is  so  readily  achieved  in  CdTe  by  OMVPE.  In  contrast,  we 
note  that  this  hzis  only  been  achieved  by  laser  excitation  in  MBE.  One  critical  exper¬ 
iment  which  we  have  conducted  is  to  attempt  to  dope  CdTe  using  elemental  arsenic 
which  has  been  pre-cracked.  Here,  we  could  not  achieve  a  hole  concentration  in  excess 
of  1  X  10*^^/cm^,  regardless  of  the  partial  pressure  of  the  As  species  (As2  and  AS4). 

The  situation  for  arsenic  incorporation  frcm  arsine  is  quite  different;  in  fact,  care 
must  be  taken  to  prevent  excessive  arsenic  incorporation.  Decomposition  studies  of  this 
hydride  (K.  Tamaru,  J.  Phys.  Chem.,  59,  777,  1955)  have  established  that  the  rate  lim¬ 
iter  is  the  removal  of  the  first  hydrogen  atom,  with  subsequent  hydrogen  release  being 
more  rapid.  Studies  of  AsHa  decomposition  over  CdTe  have  not  been  made.  However, 
results  with  AsHg  over  GaAs  indicate  that  decomposition  occurs  at  temperatures  as 
low  as  172°C,  by  a  surface  catalyzed  reaction.  We  propose,  therefore,  that  AsHs  breaks 
down  to  AsH2  and  is  chemisorbed  on  the  CdTe  surface,  where  further  loss  of  the  remain¬ 
ing  two  hydrogens  results  in  its  decomposition  to  monatomic  As.  This  Column  5  atom 
incorporates  into  Te  (Column  6)  sites  which  are  electronically  favored  over  Cd  (Column 
2)  sites.  As  a  consequence,  the  As  incorporation  can  be  altered  by  changmg  DMTe  over¬ 
pressure  during  growth.  Thus,  increasing  this  overpressure  reduces  the  Te-vacancy  con¬ 
centration,  resulting  in  a  fall  in  the  p-doping  concentration.  We  have  demonstrated  that 
this  is  indeed  the  case,  with  an  inverse  dependence,  as  predicted. 

The  situation  with  As2  is  probably  quite  different,  since  its  incorporation  as  a  p- 
dopant  would  necessitate  the  substitution  of  one  As  atom  into  a  Te-site,  followed  by  the 
breaking  of  the  As-As  bond.  This  is  not  readily  achieved  at  growth  temperatures,  so 
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that  it  is  entirely  possible  for  the  second  As  to  be  incorporated  into  a  neighboring  Cd 
site,  where  it  would  behave  as  a  triple  donor,  and  compensate  the  CdTe.  We  note  that 
the  bond  strength  of  As- As  i*^  extremely  large  (92  kcal/mole),  so  that  the  breaking  of 
this  bond  is  probably  the  rate  limiter  to  the  doping  process  when  elemental  arsenic  is 
used. 

We  conclude,  therefore,  that  it  is  necessary  to  provide  atomic  arsenic  to  the  CdTe  in 
order  to  promote  its  ready  incorporation  into  the  CdTe  lattice.  The  use  of  the  hydride 
AsHa  allows  this  to  be  done  in  a  convenient  manner.  A  variety  of  arsenic  alkyls  can  also 
be  successful  for  this  doping  process,  provided  their  eventual  decomposition  to  As-H  is 
surface  catalyzed.  Tertiarybutylarsenic  is  a  likely  candidate  for  this  reason;  on  the  other 
hand,  trimethylarsenic  would  probably  be  a  poor  choice  since  it  does  not  decompose  to 
As-H. 

2.3  Growth  of  Mercury  Cadmium  Telluride 

The  growth  of  undoped  HgCdTe  is  now  a  routine  matter  in  our  laboratory,  and 
is  carried  out  on  CdTe,  CdTeZn  and  CdTeSe  substrates.  Our  results  on  the  lattice 
matched  materials  are  generally  superior  to  those  on  CdTe;  however,  many  of  our  stud¬ 
ies  are  made  on  CdTe  because  of  its  more  ready  availability.  In  some  instances,  as  in 
x-ray  studies  where  the  substrate  lattice  parameter  is  critical,  we  are  certainly  very  par¬ 
ticular  about  our  choice  of  the  substrate  material. 

Typically,  most  of  the  undoped  material  which  we  grow  is  on  1  cm  x  1  cm  sub¬ 
strates,  in  the  range  of  i  =  0.2  to  0.28.  We  prefer  to  use  material  in  the  x  =  0.23  compo¬ 
sition  range  for  many  of  our  characterization  studies,  since  the  mobility  of  x  =  0.2  layers 
is  strongly  affected  by  small  changes  in  composition.  Thus,  it  is  more  easy  to  carry  out 
studies  on  material  with  slightly  higher  composition  values. 

All  of  our  layers  are  grown  in  a  vertical  reactor,  at  a  substrate  temperatures  of 
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370°  C,  by  the  simultaneous  pyrolysis  of  dimethylcadmium,  diisopropyltellurium  and  ele¬ 
mental  mercury  in  hydrogen  gas.  The  growth  rate  for  these  layers  is  about  3.5  nm/hr. 

HgCdTe  layers  are  capped  with  a  0.5  to  1  /xm  thick  layer  of  undoped  CdTe  which  is 
grown  in  the  same  reactor  run.  This  cap  prevents  imintentional  annealing  of  the  layers 
during  the  cool  down  period.  As  a  result,  as-grown  layers  have  aji  acceptor  concentra¬ 
tion  of  about  3  X  10^®/cm^  due  to  mercury  vacancies. 

Fourier  transform  infrared  (FTIR)  transmission  spectroscopy  is  used  to  measure 
layer  thickness  and  compositional  uniformity  across  the  wafer.  This  technique  is  nonde¬ 
structive,  and  has  a  sensitivity  which  is  comparable  to  or  better  thaji  that  obtained  by 
alternative  methods,  such  as  energy  dispersive  x-ray  analysis.  Typically,  layers  grown 
with  the  stationary  susceptor  have  edge  to  edge  compositional  uniformity  (Cd  fraction) 
of  better  than  ±0.005  over  a  1  cm  x  1  cm  area.  Recently,  the  shift  to  a  rotating  suscep¬ 
tor  has  resulted  in  a  ±0.001  compositional  uniformity  over  a  1"  diameter.  The  thickness 
uniformity  of  the  layer  is  also  excellent,  better  than  ±0.7  fj,m  for  12-^m  thick  layers. 

Layers  of  comparable  uniformity  can  also  be  grown  by  using  an  interdiffused  mul¬ 
tilayer  process  (IMP),  where  alternate  layers  of  CdTe  and  HgTe  are  grown  under  con¬ 
ditions  which  have  been  optimized  for  each  binary  compound,  and  homogenized  at  the 
growth  temperature  with  an  annealing  step.  The  crystallinity  of  interdiffused  HgCdTe 
has  been  shown  to  be  poorer  than  that  of  alloy  grown  HgCdTe,  as  determined  by  dou¬ 
ble  crystal  x-ray  diffraction.  This  is  seen  in  Table  1,  from  S.J.C  Irvine  et  al.,  J.  Vac. 

Sci.  Technol.  A 7 (2)  285  (1989).  In  this  table,  the  lowest  value  for  x-ray  FWHM,  47-51 
arc-sec,  is  for  6  nm  thick  samples,  grown  by  us  on  lattice  matched  substrates.  The  IMP 
data  given  here  is  for  12  //m  thick  layers,  by  way  of  comparison. 

2.3.1  Low  Temperature  Growth  of  HgCdTe 
HgCdTe  (MCT)  is  very  susceptible  to  thermally  induced  defects  at  the  growth  tem- 
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Table  I.  Comparison  of  epitaxial  CMT  crystallographic  quality. 


Layer  structure 

Gfowth  technique 

x-ray  FWHM 
(arc  s) 

Reference 

CMT  (X 

=  0.3)/CdTe/Al;O, 

MOVPE 

->2- 1 .10 

3 

CMT  (X 

=  0.3)/CdTc/AKO, 

IMP 

150-210 

3 

CMT  (X 

=  0.3)/CdTe/Al,O, 

LPE 

78-108 

3 

CMT  (X 

=  0.22)/CdT= 

MOVPE  (IMP) 

67-135  9x7.5  mm 

Present  work 

CMT  (X 

=  0.235)/CdTe/GaAs 

MOVPE  (IMP) 

<84  8>,  8  mm  (best  55) 

Present  work 

CMT  (X 

=  0.18)/CdTe 

MOVPE 

151  ±  15 

4 

CMT  (X 

=  0.2)/CdTe/Ga.As 

MOVPE 

110 

12 

CMT  (X 

=  0.182)/CdSeoo,Teo,fi 

MOVPE 

47-51 

4 

CMT  (X 

=  0,20)/CdZnTe 

MBE 

65  lOx  10  mm  (best  26) 
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perature.  Thus,  significant  improvements  can  be  realized  if  growth  is  carried  out  at  re¬ 
duced  temperature.  Many  approaches,  using  laser,  UV  ajid  plasma  excitation  have  been 
proposed  for  this  purpose.  We  believe  that  the  approach  of  using  Te  alkyls,  which  are 
more  readily  cracked,  is  the  most  promising  one.  Historically,  diethyltelluride  (DETe) 
was  used  for  the  OMVPE  of  HgCdTe,  at  a  growth  temperature  of  415°C,  to  achieve  a 
reasonable  growth  rate  (around  3-4  //m/h).  More  recently,  the  use  of  diisopropyltelluride 
(DIPTe)  has  allowed  the  growth  temperature  to  be  reduced  to  aroimd  370° C,  while 
maintaining  this  growth  rate.  Other  Te  precursors  such  as  diteriarybutyltelluride  and  di- 
allyltelluride  have  been  used  to  grow  HgTe  or  CdTe  at  low  temperatures  (250-350° C).  A 
disadvantage  of  these  chemicals  is  their  low  vapor,  which  necessitates  the  use  of  heated 
bubblers  and  lines  to  transport  a  sufficient  amount  of  Te  to  the  reactor.  Table  2  lists 
a  number  of  these  tellurium  sources,  and  indicates  the  variety  that  is  available  for  the 
growth  of  HgCdTe  at  the  present  time. 

During  the  past  year  we  have  investigated  the  growth  of  HgCdTe  using  methylallyl- 
telluride  (MATe)  as  the  tellurium  alkyl.  This  source  has  the  advantage  of  relatively  high 
vapor  pressur  (6.2  Torr  at  20°C)  so  that  it  can  be  transported  readily  to  the  reaction 
zone. 

The  epitaxial  growth  of  HgTe  and  HgCdTe  was  carried  out  at  reduced  pressure  (380 
Torr)  in  a  vertical  reactor  using  MATe,  DMCd,  and  Hg  as  the  Te,  Cd,  and  Hg  sources 
respectively.  Both  HgTe  and  HgCdTe  layers  were  grown  in  the  temperature  range  from 
250-320°  C,  with  growth  rates  comparable  to  those  obtained  at  50°  C  higher  temperatures 
using  DIPTe.  Results  of  this  study  are  detailed  in  Appendix  A  emd  B  at  the  end  of  this 
report.  By  way  of  summary,  we  found  that: 

a)  layer  morphology  was  considerably  improved  over  what  is  normally  obtained  with 

DIPTe,  with  a  complete  absence  of  step  features. 

b)  the  x-ray  full  width  half  mziximum  for  HgTe  (29  arc  sec)  closely  approached  that  of 
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TABLE  2 


ORGANOMETALLIC  TELLURIUM  SOURCES 


Compound 

Acronym 

'^'growth 

Dimethyltelluride 

{CHshTe 

DMTe 

-  450°C 

Diethyltelluride 

{C^H^hTe 

DETe 

-  415°C' 

Diisopropyltelluride 

(C3H-,)2Te 

DIPTe 

-  350°C 

Dimethylditelluride 

(CHshTe^ 

DMDTe 

c-  300°  C 

Methylallyltelluride 

C^HsTe 

MATe 

-  300°C 

Dicdlyltelluride 

{CsHs)2Te 

DATe 

~  300°C 

Methyltertiarybutyltelluride 

CsFiaTe 

MTBTe 

~  300°C 

Ditertiarybutyltelluride 

(04^9)2^6 

DTBTe 

~  300°C 

the  lattice  matched  CdTeZn  substrate  (28  arc  sec)  on  which  it  wzts  grown.  This  was 
true,  even  for  very  thin  (1.7  /zm)  layers. 

c)  the  Fourier  transform  infrared  spectrum  of  the  band-edge  region,  for  layers  grown 
on  a  CdTe  substrate,  show  excellent  epilayer  substrate  interface  abruptness  as 
demonstrated  by  the  sharp  fringes  present,  even  for  thin  (3.3  /xm)  layers.  The  in¬ 
terference  fringes  of  the  FTIR  spectra  of  3  (im  thick  layers  grown  using  DIPTe  at 
370° C  were  found  to  be  less  sharp,  due  to  interdiffusion  effects  at  the  interface.  Fi¬ 
nally, 

d)  the  long-wavelength  FTIR  characteristic  of  extremely  thin  (1.7  ptm)  layers,  grown  at 
325°  C  using  MATe,  exhibited  sharp  fringes  associated  with  the  difference  in  refrac¬ 
tive  indices  of  the  epilayer  and  the  substrate.  These  are  indicative  of  the  abruptness 
of  the  interface. 

The  results  of  this  initial  study  have  served  to  emphasize  the  advantage  of  growth  at 
a  somewhat  lower  temperature  than  what  we  have  conventionally  used  for  HgCdTe 
layer  growth.  Further  work  along  these  lines  is  presently  being  undertaken.  However, 
it  should  be  emphasized  that  considerably  more  work  will  have  to  be  done  if  HgCdTe, 
grown  by  this  technique,  can  be  fully  characterized  for  suitability  as  focal  plane  array 
material. 

2.4  Annealing  Studies 

The  annealing  behavior  of  HgCdTe  has  been  investigated  in  detail  during  the 
last  year.  Typically,  our  as-grown  layers,  which  are  p-type  with  carrier  concentrations 
around  1-2  xl0^®/cm®  due  to  mercury  vacancies,  become  light  p-type  with  carrier  con¬ 
centrations  around  1-2  xlO^^/cm®  after  Hg  saturated  annealings  at  temperatures  in 
the  range  of  20(>-230°C.  These  conditions,  usually  sufficient  for  the  complete  annealing 
of  bulk  Hgi-iCdj-Te  to  n-type,  are  thus  inadequate  for  OMVPE  grown  epilayers.  This 
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problem  hcis  been  encountered  in  layers  grown  by  LPE  and  MBE  as  well. 

During  our  work,  we  have  developed  a  new  annealing  technique  which  allows  suc¬ 
cessful  conversion  of  these  layers  to  n-type.  We  have  found  that  the  as-  grown  layers  are 
converted  to  n-type,  with  a  carrier  concentration  of  approximately  5  x  10*^^/cm^,  by  a 
higher  temperature  anneal  around  270-290°C,  followed  by  a  low  temperature  anneal  at 
220°C. 

With  bulk  HgCdTe,  Hg  from  the  vapor  diffuses  into  the  crystal  during  annealing, 
possibly  via  an  interstitial  mechanism.  Subsequently,  the  Hg  interstitials  become  sub¬ 
stitutional  by  moving  into  vacant  Hg  sites.  Thus,  [V jjg]  is  a  function  of  the  annealing 
temperature  as  well  as  the  concentration  of  Hg  interstitials,  which  are  present  in 

the  lattice  at  the  annealing  temperature.  In  turn,  [Ihq]  is  a  function  of  the  annealing 
temperature  as  well  as  the  Hg  overpressure.  can  thus  be  controlled  in  HgCdTe,  by 

controlling  the  annealing  temperature  as  well  as  the  Hg  overpressure.  Values  of 
as  a  function  of  these  annealing  parameters  are  available  in  the  literature  for  different 
values  of  x.  An  effective  diffusion  coefficient  of  Hg  into  HgCdTe,  relevant  to  the  anneal¬ 
ing  process,  hats  also  been  given.  However,  most  of  the  annealing  results  reported  in  the 
literature  have  been  on  bulk  materials. 

The  annealing  characteristics  of  HgCdTe  layers,  grown  by  epitaxial  techniques  such 
as  liquid  phaise  epitaxy  (LPE)  and  organometallic  vapor  phase  epitaxy  (OMVPE),  are 
less  understood.  Moreover,  they  are  quite  different  from  those  reported  for  bulk  mate¬ 
rial.  As-grown  layers  are  typically  p-type  due  to  the  low  Hg  vapor  pressures  used  during 
the  growth  of  OMVPE  layers,  and  the  higher  temperatures  employed  in  the  growth  of 
LPE  layers.  The  reduction  of  Hg  vacancies  thus  requires  a  low  temperature  Hg  satu¬ 
rated  anneal.  In  the  caise  of  LPE,  some  authors  have  noted  that  complete  annealing  of 
layers  with  alloy  compositions  greater  than  0.20  was  not  possible.  With  OMVPE  lay¬ 
ers,  extremely  long  anneal  times  (21  days)  have  been  used  to  completely  anneal  a  10 
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fxm  layer  of  HgCdTe.  Additionally,  higher  temperature  ajineals  have  been  used  for  com¬ 
pletely  annealing  these  layers.  All  of  this  work  has  focused  on  fully  annealed  layers;  how¬ 
ever,  it  is  necessary  to  investigate  the  behavior  of  partially  annealed  layers  in  order  to 
gain  an  understanding  of  their  annealing  behavior. 

All  layers  grown  for  our  annealing  studies  were  capped  with  a  0.5- 1.0  /zm  thick  layer 
of  undoped  CdTe  which  was  grown  in  the  same  reactor  rrm.  This  cap  serves  two  pur¬ 
poses;  first,  it  prevents  any  unintentional  annealing  of  the  HgCdTe  layers  during  cool¬ 
down  after  the  layer  growth.  Second,  it  inhibits  the  formation  of  an  inversion  layer  on 
the  HgCdTe  surface,  which  can  affect  the  Hall  characterization  of  cis-grown  p-type  layers. 
Cap  layers  were  removed  just  prior  to  the  annealing  by  means  of  a  short  etch  consist¬ 
ing  of  1%  Br  in  methanol.  The  epilayer  thickness  was  determined  from  the  interference 
fringes  in  the  sub-bandgap  regime  of  the  IR  transmittance  curve.  The  bandgap  of  the 
layer  was  taken  to  be  the  energy  at  which  the  absorption  coefficient  of  the  material  is 
500  cm"*-,  and  then  used  to  determine  the  alloy  composition. 

After  cap  removal,  samples  were  rinsed  in  methanol,  dried  with  nitrogen,  and  loaded 
in  an  aqua  regia  cleaned  quartz  ampoule  with  mercury  of  99.99999%  purity.  The  am¬ 
poule  was  evacuated  to  10"^  Torr  using  a  turbo-molecular  pump  equipped  with  a  liquid 
nitrogen  trap,  and  sealed  using  an  oxy-hydrogen  flame.  All  annealings  were  carried  out 
with  the  sample  kept  2°C  warmer  than  the  Hg  reservoir,  to  avoid  Hg  from  condensing 
on  them.  This  prevented  any  surface  deterioration  during  the  anneal  and  sample  sur¬ 
faces  showed  no  sign  of  damage.  The  annealed  samples  were  characterized  by  van  der 
Pauw  techniques  without  any  further  surface  treatment. 

A  number  of  the  samples  showed  anomalous  behavior.  This  comes  about  because  of 
an  n-type  surface  accumulation  layer  on  the  p-epilayer.  Characterization  of  these  sam¬ 
ples  is  best  done  by  fitting  the  Hall  data  from  300  to  10  K,  to  a  computer  simulation 
which  assumes  the  presence  of  these  two  layers.  This  computer  simulation  model  is  de- 
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Figure  1.  R  vs  1000/T  for  a  partially  annealed  sample 
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Conductivity,  a  (ohm  ^  cm 
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Figure  2.  a  vs  1000/T  for  a  partially  annealed  sample. 


scribed  in  Appendix  D.  For  some  of  the  samples  which  exhibited  anomalous  behavior, 
the  surface  was  pzissivated  by  anodic  sulfidization,  and  the  Hall  data  taken  once  again. 
This  served  to  reduce  the  effect  of  the  accumulation  layer  on  the  Hall  chciracteristics. 

As-grown  layers  showed  classical  Hall  behavior.  For  a  typical  6.7  nm  layer  with  x 
=  0.228,  the  best  fit  corresponded  to  (N^-N^))  of  3.61  x  10^®/cm^,  a  hole  ionization 
energy  of  6.2  meV,  and  a  low  temperature  hole  mobility  (a^po)  of  840  cm^/Vs.  It  was  not 
necessary  to  consider  the  presence  of  any  inversion  layer  in  order  to  obtain  this  fit. 

Figures  1  and  2  show  the  R//  and  a  versus  1000/T  of  a  sample  annealed  at  230°C 
for  9  hours,  taken  at  2.1  kG.  This  sample  had  an  x  value  of  0.208  and  a  thickness  of 
12  /xm.  This  combination  of  temperature  and  time  should  be  sufficient  to  anneal  bulk 
HgCdTe  up  to  a  depth  of  15  ^m.  Here,  the  complete  conversion  of  the  epilayer  is  not 
achieved  as  evidenced  from  the  anomalous  Hall  characteristics.  The  R/f  and  a  curves 
were  fitted  assuming  a  p-type  epilayer  with  n-type  surface  inversion.  Parameters  pro¬ 
viding  the  best  fit  (represented  by  the  solid  curves)  are  N^i  of  1.65  x  10^^/cm®,  Nd  of 
4  X  10^^/cm^,  of  6.9  meV  and  a  low  temperature  hole  mobility  (/Xpo)  of  1620  cm^/Vs 
for  the  bulk  layer.  The  inversion  layer  carrier  concentration  was  2.2  x  10^^/cm^,  with  a 
low  temperature  surface  electron  mobility  (/x,o)  of  7000  cm^/Vs. 

The  fact  that  this  was  indeed  a  p-type  layer  with  surface  inversion  was  verified  by 
sulfidizing  the  sample  in  an  anodic  bath.  This  anodic  sulfide  is  expected  to  have  a  low 
concentration  of  fixed  positive  charges  in  it,  and  hence  should  reduce  the  inversion  layer 
concentration  at  the  surface.  Computer  simulation  of  the  Hall  data  was  made,  using  the 
same  bulk  parameters  as  given  earlier.  Now,  however,  best  fit  was  achieved  when  the 
surface  carrier  concentration  was  reduced  to  1.3  x  10®/cm^  and  the  inversion  layer  mo¬ 
bility  increased  to  33,000  cm^/Vs.  This  increase  in  surface  mobility  is  expected,  since 
passivation  tends  to  reduce  surface  scattering  effects. 

Data  on  a  number  of  partially  annealed  samples  is  shown  in  Table  3. 
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Hall  coefficient,  Rh  (cmVcoul.) 


1000/T  (K’’’) 

Figure  3.  R„  and  0  vs  1000/T  for  a  fully  annealed  sample, 
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Conductivity,  a  (ohm  ^  cm 


TABLE  3 


Sample 

X 

Thickness 

(Aim) 

1. 

0.228 

6.7 

2. 

0.219 

6.3 

3. 

0.208 

12.0 

4. 

0.204 

11.4 

5. 

0.232 

13.0 

Annealing 

Conditions 

{Na  -  Nd) 
(cm 

unannealed 

3.61  X  10^® 

205°  C/24  hr. 

6.5  X  10^“* 

230°C/9  hr. 

1.25  X  10^^ 

230°C/24  hr. 

0.7  X  10^4 

240°C/12  hr. 

5.0  X  10^“ 

In  all  cases,  the  layers  are  still  weakly  p-type,  after  anneal  cycles  as  long  as  24  hours  at 
230° C.  Also  shown,  for  comparison,  is  an  as-grown  sample,  i.e.,  one  which  has  not  been 
annealed.  This  sample  is  heavily  p-type  as  expected. 

Figure  3  shows  and  a  versus  1000/T  for  a  sample  annealed  at  290°C  for  15 
hours,  followed  by  a  220°C  anneal  for  13  hours.  The  layer  was  8.2  fim  thick,  with  x  = 
0.205.  The  data  were  taken  at  1.1  kG.  It  is  seen  from  the  shape  of  the  R/r  curve,  that 
this  is  an  n-type  layer.  However,  it  is  possible  that  the  measured  electron  concentration 
and  mobility  are  different  from  the  actual  bulk  electron  concentration  and  mobility,  due 
to  the  presence  of  the  surface  electrons.  Using  computer  simulation,  the  following  bulk 
and  surface  parameters  provided  the  best  fit  to  the  measured  Hall  data:  (Np  -  N^)  of 
5.4  X  10^^/cm^,  N,  of  2.4  x  10^^/cm^,  a  low  temperature  bulk  electron  mobility  (/Xno) 
of  380,000  cm^/Vs  and  a  surface  electron  mobility  (/i,o)  of  30,000  cm^/Vs.  Table  4  lists 
the  results  of  Hall  data  on  this  and  several  other  annealed  samples,  which  show  complete 
conversion  to  n-type. 


17 


TABLE  4 


Sample 

X 

Thickness 

(Aim) 

Annealing 

Conditions 

[Nd  -  Na) 

(cm  3) 

/in(30ii:) 

(cm^/V-s) 

1. 

0.205 

8.2 

290°C/15  hr. 
+220°C/13  hr. 

5.4  X  10^4 

334,000 

2. 

0.220 

5.8 

290°C/15  hr. 
-t-220°C/13  hr. 

6.2  X  10^^ 

210,000 

3. 

0.226 

5.8 

290°C'/15  hr. 
+220°C/13  hr. 

3.3  X  10^^ 

120, 000 

4. 

0.226 

5.8 

270°C/14  hr. 
+220°C/12  hr. 

3.5  X  10^‘‘ 

190,000 

5. 

0.224 

4.5 

270°C/14  hr. 

1.0  X  10^“* 

110,000 

The  last  sample  in  this  table  shows  the  result  for  annealing  at  270° C  for  14  hours, 
followed  by  quenching  to  room  temperature.  This  was  done  in  order  to  check  the  suit¬ 
ability  of  a  single  high  temperature  step  for  complete  annealing  of  the  HgCdTe  layer. 
Here,  the  residual  donor  concentration  is  1  x  10^^/cm®.  However,  compared  to  other 
samples  in  this  table,  one  would  expect  a  net  donor  concentration  of  approximately 
5  X  10^^ /cm^,  and  a  considerably  higher  value  of  electron  mobility.  The  discrepancy 
is  probably  due  to  the  fact  that  [V//p]  is  about  4  x  10^^/cm®  for  a  270°C  Hg  saturated 
anneal.  This  would  compensate  the  residual  donor  concentration  of  around  5x  10^^/cm^, 
reducing  the  net  carrier  concentration  to  the  1  x  10^^/cm^  range.  A  low  temperature  an¬ 
neal  around  220°C,  on  the  other  hand,  results  in  [V^^]  in  the  low  1  x  10^^/cm®  range, 
thus  reducing  the  compensation.  This  indicates  the  advantage  of  a  two-step  anneal,  with 
a  higher  temperature  anneal  followed  by  a  low  temperature  anneal. 

We  believe  that  the  annealing  behavior  of  HgCdTe  can  be  explained  by  consider¬ 
ing  the  role  of  Te  precipitates  in  the  annealing  process,  and  propose  a  tentative  model 
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to  this  effect.  Interstitial  Hg  is  expected  to  react  readily  with  these  precipitates,  the  re¬ 
action  rate  being  limited  by  the  mass  transport  of  the  Hg  to  the  Te  precipitate,  which 
act  as  a  sink  for  this  Hg.  During  the  annealing  process,  the  diffusion  length  of  intersti¬ 
tial  Hg  is  comparable  to  the  spacing  between  the  Te  precipitates,  resulting  in  an  over¬ 
all  lowering  of  [I//g]  in  the  lattice.  This  would  cause  a  higher  concentration  of  vacancies 
to  exist  in  the  iattice  as  long  as  the  Te  precipitates  are  present,  since  [Vji/j,]  is  inversely 
proportional  to  [IkbI-  O^ice  the  Te  precipitates  are  all  annihilated,  [iHg]  can  rise  to  its 
equilibrium  value,  and  [V//g]  drops  to  the  value  quoted  in  the  literature  for  Hg  saturated 
anneals  at  these  temperatures.  This  would  explain  why  there  is  a  persistence  of  veican- 
cies  in  the  lattice  in  spite  of  the  annealing.  A  higher  temperature  annealing  enhances 
the  in-diffusion  of  Hg,  and  increases  the  rate  of  annihilation  of  the  Te  precipitates.  This, 
followed  by  a  low  temperature  anneal,  will  reduce  the  Hg  vacancies  and  convert  the  layer 
to  n-type.  A  study  of  the  role  of  Te  precipitates  in  these  layers  is  currently  being  under¬ 
taken. 

It  is  also  possible  that  the  discrepancy  is  caused  by  some  forms  of  stoichiometric  de¬ 
fect  other  than  Te  precipitates,  which  are  not  annealed  out  during  the  low  temperature 
anneal.  A  higher  temperature  may  be  required  for  dissolving  these  defects. 

2.5  Extrinsic  Doping  Studies 

With  HgCdTe,  as  grown  material  is  generally  p-type  due  to  the  presence  of  native 
defects  such  as  mercury  vacancies,  provided  that  the  residual  (donor)  impurities  in  the 
starting  chemicals  are  in  very  low  concentration.  This  material,  with  its  doping  concen¬ 
tration  adjusted  by  annealing  at  an  appropriate  temperature,  is  commonly  used  in  detec¬ 
tor  arrays  of  the  p-n  junction  type.  Instead  of  relying  on  stoichiometry  control,  however, 
it  is  desirable  to  introduce  external  impurities  during  growth  to  get  p)-type  layers.  This 
is  because  native  defects  are  relatively  deep  compared  to  shallow  impurities,  so  that  the 
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lifetime  of  this  material  is  correspondingly  shorter.  Elements  from  group  III  and  group 
VII  behave  as  n-type  dopants  and  elements  from  group  1  and  group  V  act  as  p-type.  For 
p-doping,  group  V  elements  are  preferred  over  Group  I  because  they  are  much  slower 
diffusing  acceptors  and  hence  can  be  used  to  form  stable  device  structures. 

Doping  of  HgCdTe  by  group  V  elements  such  as  Sb,  As  and  P  has  not  been  very 
successful  by  many  growth  methods.  For  example,  As  and  Sb  doping  by  liquid  phase 
epitcLxy  (LPE)  from  Te-rich  solutions  does  not  always  result  in  p-type  layers,  even  after 
the  Hg  vacancy  concentration  is  reduced  by  a  low  temperature  anneal  in  a  Hg-rich  ambi¬ 
ent. 

P-type  doping  has  not  been  achieved  in  HgCdTe  layers  grown  by  the  interdiffused 
multilayer  process  (IMP).  This  is  because  the  incorporation  efficiency  of  As  in  CdTe  is 
orders  of  magnitude  larger  than  in  HgTe.  As  a  result,  arsenic  doping  occurs  in  stria- 
tions,  over  20%  of  the  layer  thickness  (for  x  =  0.2).  This  arsenic  does  not  homogenize 
throughout  the  layer  during  subsequent  heat  treatment  because  it  is  a  slow  diffuser.  In 
molecular  beam  epitaxy  (MBE),  both  Sb  and  As  behave  as  n-type  dopants. 

During  the  past  year  we  have  demonstrated,  for  the  first  time,  that  p-type  doping 
can  be  achieved  in  HgCdTe,  using  arsenic  (in  the  form  of  AsHs)  as  the  dopant  source. 

In  our  experiments,  many  undoped  layers  were  first  grown  in  order  to  determine  the 
background  doping  level.  This  was  necessary  in  order  to  separate  out  the  doping  effect 
due  to  Hg  vacancies  from  that  of  the  intentional  dopant.  As.  All  the  layers  grown  in 
this  reactor,  without  any  intentional  doping,  were  weakly  n-type  (in  the  low  10^®  cm“^ 
range).  Typical  parameters  for  such  layers  are  x  =  0.3;  n  =  3.5  x  10^^/cm^  and  n  = 

2.4  X  10“*  cm^/Vs  at  40K.  All  layers  were  grown  on  GaAs  substrates  with  a  2-3  fj.m  CdTe 
buffer  layer. 

Arsenic  doped  HgCdTe  layers  on  GaAs  were  grown  with  p-doping  levels  in  the 
range  3.5  x  10^^  cm“^  to  4.3  x  10^*^  cm“^.  No  evidence  of  surface  inversion  was  observed 
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in  these  doped  layers,  except  for  lower  doped  samples,  and  at  temperatures  below  30K. 
Figure  4  shows  the  doping  concentrations  for  these  layers  as  a  function  of  arsine  flow 
rate.  The  linear  behavior  of  this  characteristic  indicates  low  compensation  to  3  x  10^® 
cm“^.  The  mobility  of  these  films  was  in  the  range  of  400-600  cm^/Vs,  which  is  compa¬ 
rable  to  that  of  bulk  p-type  films  using  Hg-vacancy  doping. 

In  order  to  determine  the  acceptor  ionization  energy  and  the  acceptor  doping  con¬ 
centration,  the  low  temperature  Hall  coefficient  curve  was  fitted  to  the  theoretical  model 
assuming  a  fully  ionized  donor  Na,  and  a  single  acceptor  Na  at  Ea  above  the  valence 
band.  The  activation  energies  obtained  from  this  fit  are  shown  in  Fig.  5  for  a  number 
of  layers.  The  activation  energy  Ea  was  found  to  decrease  with  increasing  p-doping  con¬ 
centration  as  expected.  Data  for  the  acceptor  due  to  Hg-vacancies  is  also  shown  for  com¬ 
parison.  Figure  6  shows  Hall  constant  vs.  l/T  for  three  different  arsine  flow  conditions. 

P-type  doping  of  these  layers  due  to  arsenic  incorporation  was  verified  by  two 
definitive  experiments.  First,  pairs  of  arsenic  doped  layers  were  grown,  side  by  side,  on 
CdTe  substrates.  This  was  done  for  a  number  of  samples  with  doping  concentration  in 
the  range  from  3  x  10^®/cm®  to  8.3  x  10^®/cm®.  In  eaxh  case,  one  of  the  samples  wcis 
annealed  for  15  hours  at  205°C.  Hall  measurements  were  made  on  annealed  as  well  as 
unannealed  layers.  In  all  cases,  the  carrier  concentration  remained  the  same,  confirming 
that  the  dopant  was  thermally  stable.  A  small  variation,  of  about  15%  increase  in  p~ 
doping,  was  found  after  annealing.  This  small  increase  in  the  carrier  concentration  could 
be  due  to  increased  activation  of  arsenic  in  HgCdTe,  or  perhaps  due  to  non-uniformity  in 
doping. 

Additionally,  we  have  made  SIMS  measurements  on  these  layers,  courtesy  of  Dr. 

G.  Scilla  of  the  IBM  T.J.  Watson  Research  Center.  Figure  7  shows  the  arsenic  signal 
for  one  such  layer,  grown  on  GaAs  with  a  CdTe  cap  and  a  CdTe  buffer  layer,  and  again 
confirms  that  the  p-doping  is  due  to  arsenic  incorporation. 
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The  composition  of  the  layers  was  relatively  unchanged  for  doping  levels  up  to  2  x 
10^®/cm^.  Beyond  this  point,  however,  the  layers  became  increasingly  Hg-rich,  with  a 
fall  in  X.  This  may  be  due  to  the  pre-reaction  between  dimethylcadmium  and  arsine, 
which  would  reduce  the  effective  partial  pressure  of  dimethylcadmium. 

Details  of  the  work  described  here  are  the  subject  of  two  papers,  listed  as  Appendix 
B  and  C  at  the  end  of  this  report. 

2.5.1  Lifetime  Measurements 

This  is  an  important  aspect  of  materials  characterization,  and  three  approaches 
are  being  tised  by  us  at  the  present  time.  The  first  of  these  involves  the  characteriza¬ 
tion  of  photoconductor  (PCD)  devices,  from  which  the  lifetime  can  be  extracted  by  tak¬ 
ing  steady  state  photo-response  measurements.  This  approach  requires  the  fabrication 
of  devices,  and  is  a  long,  tedious  one.  Nevertheless,  we  have  made  devices  suitable  for 
measurement.  These  devices  are  mounted  in  a  dewar  and  illuminated  from  a  black  body 
source  with  a  monochromator  and  a  50  Hz  chopper.  Source  calibration  is  done  with  a 
TGS  secondary  standard  supplied  by  the  Baurnes  Engineering  Company.  The  response  is 
measured  by  means  of  a  lock-in  amplifier. 

We  now  present  data  on  a  typical  sample  which  has  been  tested  in  this  manner.  For 
this  sample,  x  =  0.266,  t  =  8.0  /xm,  and  (N^i  -  Np)  =  4  x  10^^/cm®.  The  black  body  ra¬ 
diation  flux  was  1.63  X  lO*^®  photons/cm^/sec,  in  the  3  ^m  range.  The  measured  value  of 
sheet  conductance  was  3300  mho/sq  at  77K,  resulting  in  a  lifetime  of  365  nsec.  The  cal¬ 
culated  theoretical  lifetime,  assuming  Auger  and  recombination  radiation,  should  be  500 
nsec  in  this  case.  The  lower  value  obtained  on  our  material  is  probably  due  to  the  fact 
that  the  sample  surface  was  not  passivated,  so  that  its  surface  recombination  velocity 
degraded  the  bulk  lifetime  to  some  extent. 

A  second  approach  we  are  also  pursuing  is  the  measurement  of  MOS  capacitance 
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behavior,  from  which  the  lifetime  can  be  indirectly  determined.  This  approach  is  inher¬ 
ently  simpler,  since  it  involves  less  device  processing  steps  than  the  PCD  approach.  Us¬ 
ing  this  approach  has  also  resulted  in  lifetime  data  comparable  to  that  obtained  by  the 
PCD  method. 

The  third  approach  is  an  extremely  powerful  one,  which  we  have  recently  investi¬ 
gated.  This  approach,  developed  by  Prof.  J.M.  Borrego  at  Rensselaer,  consists  of  mea¬ 
suring  the  microwave  reflectance  of  a  sample  under  transient  illumination. 

Figure  8  shows  the  system  we  have  used.  Here,  a  Gunn  diode  is  used  to  generate 
150  mW  of  microwave  power  at  ~36  GHz.  This  power  is  delivered  via  a  hybrid  tee  to 
the  sample,  which  is  placed  on  a  conductive  shorting  plane,  ~1  mm  away  from  the  tip  of 
the  antenna.  The  area  irradiated  by  this  antenna  is  approximately  1  mm  x  1  mm.  The 
reflected  signal  from  the  sample  is  collected  by  the  antenna  and  detected  by  a  crystal 
detector.  The  reflected  power  is  prevented  from  affecting  the  load  seen  by  the  oscillator 
by  means  of  an  isolator.  Thus  the  oscillator  output  power  remains  stable. 

The  sample  is  also  illuminated  locally  by  an  AlGaAs  laser,  with  a  spot  area  of  0.1 
mm  X  0.1  mm.  The  fall  time  of  this  laser  is  3  nsec.  This  limits  the  lowest  lifetime  which 
can  be  measured  by  the  system. 

The  induced  photoconductivity  modulates  the  microwave  power  reflected  at  the 
sample  and  this  serves  as  the  probe  for  the  excess  carrier  decay.  The  reflected  microwave 
signal  is  detected  by  a  fast  responding  crystal  detector,  the  output  of  which  is  a  voltage 
proportional  to  the  incident  microwave  powei  the  detector.  The  output  signal  of  the 
detector  is  proportional  to  the  excess  carrier  density.  The  change  in  reflected  microwave 
power  for  higher  dopings  and  low  lifetimes  is  small  and  hence  ampliflcation  of  the  signal 
is  required.  To  obtain  a  faithful  reproduction  of  the  photoconductivity  transient  a  large 
bandwidth  (0.1  to  1300  MHz)  a.c.  amplifier  is  used.  The  transients  are  viewed  on  a  Tek- 
tronbe  2432A  digital  oscilloscope.  The  bandwidth  of  the  scope  is  300  MHz  for  repetitive 
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signals.  The  signal  to  noise  ratio  is  improved  by  averaging  as  many  as  256  acquisitions 
using  this  scope.  The  time  constant  of  the  decay  of  the  transient  reflected  microwave 
power  can  be  shown  to  be  the  effective  lifetime  of  carriers  in  the  semiconductor.  Figure 
9  shows  the  transient  response  of  a  HgCdTe  layer  with  a  CdTe  cap.  Here,  64  measure¬ 
ments  were  averaged  to  obtain  a  signal  that  is  reasonably  noise  free. 

Our  early  work  with  this  system  shows  that  it  is  an  extremely  powerful  tool  for  life¬ 
time  measurements,  since  it  is  nondestructive,  and  can  be  used  to  probe  small  regions 
of  a  large  area  sample.  Moreover,  it  can  be  used  for  studying  the  behavior  of  different 
surface  passivations,  as  well  as  for  making  basic  studies  of  the  recombination  process. 

The  system,  in  its  present  form,  was  not  designed  for  use  with  HgCdTe,  and  many 
changes  will  be  required  in  order  to  optimize  it  for  this  purpose.  At  the  present  time 
it  is  only  capable  of  being  operated  at  room  temperature,  so  that  its  adaptation  to 
HgCdTe  will  necessitate  its  installation  in  a  cryostat.  Additionally,  its  frequency  of  oi>- 
eration,  35.5  GHz  is  not  optimum  for  this  semiconductor.  Changes  here,  if  made,  will  be 
of  a  major  nature. 

2.6  Characterization 

Now  that  we  are  routinely  growing  large  area  (1  cm  x  1  cm)  HgCuTe  material  of 
uniform  composition,  the  characterization  effort  has  become  increasingly  important. 

This  is  because  further  improvements  in  material  quality  are  aimed  at  obtaining  im¬ 
proved  electronic  properties.  Here,  feedback  from  the  characterization  process  can  be 
used  to  provide  directions  for  modification  of  the  growth  process. 

Currently,  a  number  of  characterization  tools  have  been  acquired/developed  for  our 
work.  Fourier  Transform  IR  Spectroscopy  continues  to  be  a  valuable  tool  for  the  mea¬ 
surement  of  layer  thickness  and  composition.  Our  instrument,  a  Mattson  Cygnus  100,  is 
computer  controlled  so  that  measurements  can  be  made  at  as  many  as  100  points  over  a 
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1  cm  X  1  cm  sample.  Both  composition  ajid  layer  thickness  can  be  determined  with  this 
instrument.  We  also  use  a  computer  program  which  we  have  written  to  analyze  the  com¬ 
plex  fringe  structure  which  is  obtained  when  HgCdTe  films  are  grown  on  CdTe/GaAs 
substrates. 

Double  crystal  x-ray  diffraction,  using  (004)  reflections,  is  routinely  used  to  mea¬ 
sure  layer  quality.  Low  angle  measurements,  using  (115)  reflections,  are  useful  for  very 
thin  layers,  and  also  for  corroborating  strain  measurements  of  HgCdTe  films.  Computer 
codes  have  been  written  to  simulate  rocking  curves  in  the  presence  of  strain. 

Hall  effect  measurements  are  perhaps  the  most  important  diagnostic  tool  for  obtain¬ 
ing  data  on  both  crystal  quality  and  background  concentration.  Evaluation  of  low  doped 
p-type  samples  is  especially  difficult,  since  anomalous  results  axe  obtained  because  of 
surface  inversion  effects.  Here,  it  becomes  necessary  to  take  Hall  data  over  the  10-300K 
range,  and  fit  this  data  to  a  computer  simulation  based  on  the  model  described  in  Ap¬ 
pendix  A.  In  this  manner  the  effect  of  the  surface  can  be  separated  from  that  of  the  bulk 
layer. 

3.  PAPERS  AND  PRESENTATIONS 

We  believe  that  the  dissemination  of  research  findings  to  the  scientific  community 
is  an  important  part  of  a  university  program  such  as  ours.  As  a  result,  a  number  of  pa¬ 
pers,  based  on  our  work  during  this  year,  have  been  submitted  to  the  professional  jour¬ 
nals.  These  are  listed,  together  with  their  current  status.  In  addition,  presentations  on 
this  work  have  been  made  to  DARPA  and  also  at  professional  society  meetings. 

Publications: 

1.  W.I.  Lee,  N.R.  Taskar,  I.B.  Bhat,  S.K.  Ghandhi  and  J.M.  Borrego,  “DLTS  Studies 

of  n-CdTe  Grown  by  Organometallic  Vapor  Phase  Epitaxy”,  Solar  Cells,  24,  279 

(1988). 
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2.  S.K.  Ghandhi,  N.R.  Taskaj,  I.B.  Bhat,  K.K.  Parat,  D.  Terry  and  H.  Ehsani,  “Ex¬ 
trinsic  p-doped  HgCdTe  Grown  by  Organometallic  Epitaxy”,  Appl.  Phys.  Lett.,  53, 
1641  (1988). 

3.  V.  Natarajan,  N.  Taskar,  I.B.  Bhat  and  S.K.  Ghajidhi,  “Growth  and  Properties  of 
Hgi_xCda;Te  on  GaAs  with  x  =  0.27”,  J.  Electron  Mater.,  17,  479  (1988). 

4.  N.R.  Taskar,  I.B.  Bhat,  K.K.  Parat,  D.  Terry,  H.  Ehsani  and  S.K.  Ghandhi,  “The 
Organometallic  Epitaxy  of  Extrinsic  p-doped  HgCdTe”,  J.  Vac.  Sci.  Tech.,  A7(2), 
March/ April  (1989). 

Presentations: 

1.  N.R.  Taskar,  I.B.  Bhat,  K.K.  Parat,  D.  Terry  and  H.  Ehsani,  “The  Organometallic 
Epitaxy  of  Extrinsic  p-doped  HgCdTe”,  1988  U.S.  Workshop  on  the  Physics  and 
Chemistry  of  Mercury  Cadmium  Telluride,  Orlando,  FL,  Oct.  10-12,  1988. 

2.  I.B.  Bhat,  H.  Ehsani,  S.  Ghandhi,  D.  Nucciarone  and  G.  Miller,  “  The  Growth  of 
HgTe  and  HgCdTe  Using  Methylallyltelluride” ,  Workshop  on  Mercury  Cadmium 
Telluride,  Washington,  DC,  Nov.  3,  1988. 

3.  I.  Bhat,  H.  Ehsani  and  S.  Ghandhi,  “Organometallic  Vapor  Phase  Epitaxy  of  HgTe 
and  HgCdTe  Using  Methylallyltelluride”,  1989  SPIE  Conf.  on  Aerospaee  Sensing, 
Orlando,  FL,  March  27-30,  1989. 

4.  PLANS  FOR  THE  NEXT  YEAR 
A.  Large  Area  HgCdTe  on  GaAs 

This  will  be  our  main  focus.  Here,  there  are  two  issues;  uniformity  of  composition 
and  reduction  of  hillocks  in  the  grown  layers.  The  new  reaction  chamber,  with  adjust¬ 
ments  to  its  parameters,  will  achieve  our  uniformity  requirements  during  the  next  year, 
so  we  see  no  problem  here. 
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The  issue  of  hillocks  is  a  considerably  more  difficult  one.  Here,  we  believe  that  we 
can  develop  techniques  for  reducing  their  incidence  by  at  least  one  to  two  orders  of  mag¬ 
nitude. 

B.  Doping  of  HgCdTe 

Our  doping  studies  of  p-HgCdTe  will  be  extended  to  n-type  material.  In¬ 
dium  will  be  used  as  the  dopant  because  of  its  convenient  availability  in  the  form  of 
trimethylindium.  If  time  permits,  extrinsic  n-p  diode  structures  will  also  be  fabricated. 

C.  Wide  Gap  Materials 

We  will  begin  work  on  the  growth  of  ZnSe,  using  a  simple  reaction  chamber  bor¬ 
rowed  from  another  system.  This  will  limit  our  growth  of  material  to  small  areas;  how¬ 
ever,  we  can  still  acquire  useful  information  about  the  basic  growth  process. 

D.  Materials  Characterization 

Here,  a  major  fraction  of  our  effort  will  be  directed  to  understanding  the  annealing 
behavior  of  OMVPE  grown  material.  This  is  a  critical  issue  in  the  fabrication  of  struc¬ 
tures  that  are  envisioned  for  this  material. 

MOS  studies  of  HgCdTe  will  also  be  carried  out  to  determine  the  effect  of  passi¬ 
vation  treatments  on  HgCdTe.  This  will  also  provide  information  on  minority  carrier 
lifetime  in  our  material. 

5.  ANTICIPATED  PROBLEMS 

No  serious  problem  is  anticipated  in  the  area  of  HgCdTe  growth  and  doping.  Char¬ 
acterization,  especially  that  which  is  focused  on  the  measurement  of  lifetime,  is  still  a 
problem  because  of  the  need  for  fabricating  structures. 

Progress  in  the  growth  of  ZnSe  is  critically  dependent  on  the  acquisition  of  PL  data 
on  a  rapid  turn  around  basis.  At  the  present,  we  cannot  obtain  this  data  on  our  PL 
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Organometallic  Vapor  Phase  Epitajcial  Growth  of 
HgTe  and  HgCdTe  Using  Methylallyltelluride 

Ishwara  B.  Bhat,  Hassan  Ehsani  and  Sorab  K.  Ghandhi 

Electrical,  Computer  and  Systems  Engineering  Department 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  12180 


ABSTRACT 

HgTe  and  HgCdTe  layers  have  been  grown  by  organometallic  vapor  phcise  epitaxy  at  low 
temperature  by  using  methylallyltelluride  (MATe),  dimethylcadmium  (DMCd)  and  elemental 
mercury.  Use  of  MATe  enabled  us  to  grow  layers  in  the  250-320® C  range,  which  is  50® C  lower  than 
the  growth  temperature  when  diisopropyltelluride  (DIPTe)  is  used.  The  layers  were  characterized 
by  double  crystal  x-ray  diffraction,  low  temperature  Hall  measurements  and  Fourier  transform 
infrared  spectroscopy  (FTIR).  Growth  below  340®C  resulted  in  featureless  HgTe  layers.  Layers 
grown  on  CdTe  are  misoriented  with  respect  to  the  substrate  by  about  60  to  150  arc -seconds 
whereas  such  tilting  was  not  observed  when  lattice  matched  CdZnTe  substrates  were  used.  The 
high  quality  of  HgTe  grown  at  low  temperature  is  demonstrated  by  the  very  narrow  (29  arc 
seconds)  full  width  at  half  maximum  of  the  x-ray  diffraction  curve.  HgCdTe  layers  grown  at 
320®C  showed  sharp  interference  fringes  even  for  thin  layers,  indicating  the  presence  of  a  sharp 
interface. 


1.  INTRODUCTION 

There  have  been  recently  many  reports  on  the  low  temperature  growth  of  HgTe  and  CdTe  by 
organometallic  vapor  phase  epitaxy  (OMVPE).  Laser  or  ultra-violet  assisted  VPE^  plasma  en¬ 
hanced  VPE^,  growth  by  precracking  techniques^  and  growth  by  using  less  stable  Te  precursors'* 
have  been  reported.  Of  all  these  methods,  growth  by  using  less  stable  Te  alkyls  is  the  most 
promising  one.  Presently,  the  most  common  approach  is  the  pyrolysis  of  using  diisopropyltei- 
luride  for  the  Te  source^  ®  with  a  growth  temperature  around  370® C.  Other  Te  precursors  such 
eis  ditertiarybutyltelluride®  and  diallyitelluride*®  have  been  used  to  grow  HgTe  or  CdTe  at  low 
temperature  (250-350® C.  However,  these  chemicals  have  low  vapor  pressure  so  that  they  have  to 
be  heated  in  order  to  transport  sufficient  amounts  of  Te  to  the  reactor.  Recently,  methylallyltel¬ 
luride  (MATe)  has  been  used  to  grow  HgTe  at  about  320®C**,  using  dimethylmercury.  This  Te 
source  has  relatively  high  vapor  pressure  (6.2  Torr  at  20®  C)  so  that  it  can  be  transported  easily 
to  the  reaction  zone.  None  of  these  new  Te  precursors  have  been  used  to  grow  HgCdTe  layers  at 
the  present  time.  Here,  we  report  on  the  growth  of  HgTe  and  HgCdTe  layers  using  MATe,  and 
the  effect  of  low  temperature  growth  on  the  quality  of  the  resulting  epitaxial  layers. 

2.  EXPERIMENTAL 


The  epitaxial  growth  of  HgTe  and  HgCdTe  was  carried  out  at  low  pressure  (380  Torr)  in 
a  vertical  reactor  using  MATe,  DMCd  and  Hg  as  the  Te,  Cd  and  Hg  sources  respectively.  The 


substrates  were  (100)  CdTe  and  (lOO)  CdZnTe,  2  degrees  misoriented  towards  (llO).  Growth 
was  performed  in  the  temperature  range  from  250°C  to  350°C,  with  a  MATe  partial  pressure  of 
1.1  X  10"^  atm  and  an  Hg  partial  pressure  of  0.03  atm.  The  growth  rate  for  HgTe  layers  was  5 
/um  hr  at  320°C  and  1  ^m/hr  at  240°C.  Double  Crystal  Rocking  (DCR)  curves  were  taken  using 
InSb  as  the  first  crystal  and  Cu  Ka  radiation. 

3.  RESULTS  AND  DISCUSSION 

The  morphology  of  an  HgTe  layer  grown  at  320°C  Is  shown  in  Fig.  1.  The  layer  is  featureless, 
without  the  presence  of  step  features  usually  observed  for  growth  at  higher  temperatures  using 
DIPT  or  DETe.  The  morphology  of  a  layer  grown  at  370°C  with  DIPTe  is  also  shown  for 
comparison.  The  better  morphology  of  the  layer  grown  with  MATe  is  mainly  due  to  the  lower 
temperature  grow'th.  Growth  at  higher  temperature  using  MATe  resulted  in  layers  with  similar 
step  features  to  those  obtained  with  DIPTe. 

The  crystal  quality  of  the  epilayer  was  investigated  by  double  crystal  x-ray  diffraction.  Figure 
2  shows  the  DCR  curve  of  the  (400)  reflection  of  a  3.4  nm.  thick  HgTe  layer  grown  on  a  CdTe 
substrate.  The  peak  separation  between  the  substrate  and  the  epilayer,  D,  was  found  to  be  a 
function  of  the  angular  position  of  the  sample  with  respect  to  the  x-ray  beam,  indicating  that 
the  layer  is  tilted  with  respect  to  the  substrate.  The  peak  separation  D  as  a  function  of  rotation 
angle  a  followed  the  following  relationship. 

D  =  -h  A(^cos  a 

Here,  Atf  is  the  peak  separation  caused  by  lattice  mismatch  in  the  growth  direction  and  Ad> 
corresponds  to  the  epilayer  misorientation  with  respect  to  the  substrate.  This  is  illustrated  in 
Fig.  3.  The  epilayer  is  seen  to  be  tilted  an  additional  60  arc-seconds  from  the  surface  normal. 
Epilayer  tilts  of  this  type  have  been  observed  in  many  other  lattice  mismatched  systems^^"^'*. 
The  lattice  tilt  was  observed  in  layers  grown  at  lower  temperature,  but  generally  not  seen  when 
layers  were  grown  at  higher  temperature  using  DIPTe  or  DETe.  It  is  probable  that  growth  at 
higher  temperature  results  in  significant  interdiffusion  between  the  HgTe  and  CdTe  substrate. 
This  causes  a  gradual  change  of  the  lattice  constant  from  that  of  CdTe  to  HgTe,  so  that  no  tilt 
of  the  epilayer  .s  observed.  From  the  value  of  A5,  the  lattice  constant  in  the  growth  direction 
was  determined  as  a  function  of  epilayer  thickness,  and  is  shown  in  Fig.  4.  This  lattice  constant 
reaches  its  relaxed,  bulk  value  beyond  about  4  urn. 

It  is  interesting  to  note  that  the  measured  lattice  constant  of  HgTe  does  not  reach  the  bulk 
value  even  for  a  3.5  ^m  thick  layer.  This  shows  that  a  significant  amount  of  strain  is  still  present 
on  such  a  thick  HgTe  layer.  On  the  other  hand,  in  many  other  systems,  such  as  ZnSe  on  GaAs*^^, 
or  Gain  As  on  GaAs^^,  the  lattice  constant  of  the  epilayer  reaches  the  bulk  value  within  about  1 
Mm.  Similarly,  when  CdTe  is  grown  on  GaAs^®,  beyond  about  1  nm,  the  CdTe  layer  is  found  to 
be  strain  free. 

The  FWHM  of  the  x-ray  diffraction  curve  of  the  epilayer  is  shown  in  Fig.  5  as  a  function  of 
layer  thickness.  The  effect  of  interface  dislocations  on  the  FWHM  is  clearly  seen  from  the  mono¬ 
tonic  decrease  of  x-ray  FWHM  as  the  thickness  is  increased.  Assuming  that  the  line  broadening  is 
due  to  the  presence  of  dislocations  only,  we  can  calculate  the  dislocation  density  given  by  //96", 
where  /  is  the  FWHM  and  h  is  the  Burgers  vector,  which  for  the  zincblende  structure  is  a/2  (a 


is  the  lattice  constant) A  FWHM  of  200  arc-seconds  corresponds  to  a  dislocation  density  of 
4  X  10®  cm“^.  From  the  lattice  mismatch,  we  can  estimate  the  misfit  dislocation  density  to  be 
2.6  X  10®  cm"^,  which  is  on  the  same  order  as  that  obtained  from  the  x-ray  curve  data. 

With  CdZnTe  substrates,  which  are  more  closely  lattice  matched  <^o  the  HgTe  layer,  different 
results  were  obtained.  Figure  6  shows  the  DCR  curve  for  a  1.7  /xm  thick  HgTe  layer  grown  on 
a  CdZnTe  substrate.  Both  the  epilayer  and  the  substrate  have  almost  identical  x-ray  FWHM 
values  (29  versus  28  arc-seconds),  indicating  the  excellent  quality  of  the  epilayer  that  could  be 
obtained  by  the  low  temperature  process.  The  lattice  mismatch  between  the  substrate  and  the 
layer  is  estimated  to  be  below  0.07%,  assuming  that  the  epilayer  is  pseudomorphic.  The  layer 
followed  the  orientation  of  the  substrate,  whereas,  a  small  amount  (60-150  arc-sec.)  of  layer  tilt 
with  respect  to  the  substrate  was  observed  when  CdTe  substrates  were  used.  All  the  layers  grown 
on  CdZnTe  substrates  had  FWHM  values  in  the  range  28  to  40  arc-seconds,  closely  replicating 
the  substrate  quality.  This  illustrates  the  importance  of  lattice  matching  on  the  quality  of  the 
layers. 

MCT  layers  were  grown  at  320°C,  for  the  first  time,  using  MATe  by  adding  DMCd.  Figure 
7  shows  the  Fourier  transform  infrared  spectrum  (FTIR)  for  a  layer  grown  on  a  CdTe  substrate. 
Excellent  epilayer  substrate  interface  is  demonstrated  by  the  sharp  fringes  present,  even  when 
the  layer  is  only  1.7  jxm  thick.  For  layers  grown  with  DIPTe  at  higher  temperature,  these  fringes 
were  less  sharp  due  to  the  interdiffusion  effects. 

4.  CONCLUSION 

We  have  successfully  used  MATe  to  grow  excellent  quality  HgTe  layers  on  CdZnTe  substrates. 
When  the  layers  were  grown  on  CdTe  substrates,  they  grow  with  a  tilt  (50  to  150  arc-seconds) 
with  respect  to  the  substrates.  In  addition,  the  epilayers  were  tetragonally  distorted  up  to  a 
thickness  of  at  least  4  ^m.  Layers  grow  without  any  tilt  when  CdZnTe  substrates,  which  are 
better  lattice  matched  than  CdTe  substrates,  are  used.  The  FWHM  of  the  x-ray  diffraction  peak 
of  these  layers  were  in  the  range  of  28  to  40  arc-seconds.  MCT  layers  grown  with  this  chemical 
at  a  low  temperature  exhibits  sharp  interference  fringes  indicating  the  presence  of  sharp  interface 
between  MCT  and  CdTe  substrates. 
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In  this  letter,  we  report  on  the  extrinsic  /)-type  doping  of  mercury  cadmium  telluride  (MCT), 
during  growth  by  organometallic  vapor  phase  epitaxy.  Arsine  gas  in  hydrogen  was  used  as  the 
dopant  source.  The  layers  were  characterized  by  Hall  effect  and  by  resistivity  measurements 
over  the  temperature  range  from  20  to  300  K.  The  acceptor  ionization  energy  was  obtained  for 
different  doping  concentrations  from  the  Hall  coefficient  data.  Its  value  decreases  with  doping 
concentration,  and  is  about  8.5  meV  for  a  doping  of  1.1  X  lO''"  cm"  '.  This  is  a  factor  of  2  lower 
than  the  ionization  energy  of  mercury  vacancies,  for  layers  of  this  (27-30%  cadmium) 
composition  and  doping  level.  Annealing  at  205  °C  for  15  h  in  a  Hg-rich  ambient  did  not 
produce  significant  changes  in  the  measured  doping  concentration.  This  indicates  that  the 
acceptor  level  is  extrinsic  in  nature,  and  that  arsenic  behaves  as  a  stable  acceptor  dopant  in 
MCT,  grown  by  organometallic  epitaxy. 


Mercury  cadmium  telluride  (MCT  or  Hg,  _,Cd,Te) 
layers,  grown  by  organometallic  vapor  phase  epitaxy 
(OMVPE),  have  shown  considerable  promise  for  use  in  far- 
infrared  detector  applications  in  recent  years.  Layers  with 
uniformity  in  composition  and  thickness  that  are  required 
for  present  day  device  structures  can  be  grown  by  this  meth¬ 
od.*'^  The  as-grown  material  is  generally  p  type  due  to  the 
presence  of  native  defects  such  as  mercury  vacancies,  pro¬ 
vided  that  the  residual  (donor)  impurities  in  the  starting 
chemicals  are  in  very  low  concentration.  In  order  to  obtain 
layers  with  stable  and  controllable  doping,  cither  norp  type, 
it  is  necessary  to  introduce  external  impurities.  Both  group  V 
elements,  which  are  incorporated  on  the  Te  sublattice,  and 
the  group  I  elements,  which  incorporate  on  the  metal  sublat¬ 
tice,  act  as/i-type  dopants."  Group  V  elements  are  preferred 
because  they  are  much  slower  diffusing  acceptors  and  hence 
can  be  used  to  form  stable  device  structures.''  However,  dop¬ 
ing  of  MCT  by  group  V  elements  such  as  Sb,  As,  and  P  has 
not  been  very  successful  by  many  growth  methods.  For  ex¬ 
ample,  As  and  Sb  doping  by  liquid  phase  epitaxy  (LPE) 
from  Te-rich  solutions  does  not  always  result  in  p-type  lay¬ 
ers,  even  after  the  Hg  vacancy  concentration  is  reduced  by 
low-temperature  annealing  in  Hg-rich  ambients. In  molec¬ 
ular  beam  epitaxy,  both  Sb  and  As  behave  as  w-type  do¬ 
pants.  ' ' 

In  this  letter,  we  report  on  the  successful  p  doping  of 
HgCdTe,  grown  by  OMVPE  using  arsine  gas  as  the  dopant 
source.  In  previous  work,'’  we  have  shown  that  this  dopant 
can  be  used  successfully  to  obtain  p-type  doping  of  CdTe 
epilayers. 

MCT  layers  were  grown  in  an  atmospheric  pressure, 
horizontal  reactor  using  diisopropyl  telluride,  dimclhylcad- 
mium,  and  elemental  mercury.  The  alloy  growth  method 
was  used  in  which  Cd,  Te,  and  Hg  sources  are  introduced 
simultaneously  into  the  reactor.  Substrates  were  2”  misor- 
iented  ( 100),  semi-insulating  GaAs,  on  which  a  2-pm-thick 
undoped  CdTe  buffer  layer  was  first  grown  at  350  "C.  In 
previous  studies, ' '  we  have  shown  that  this  thickness  is  suffi¬ 
cient  so  that  subsequent  MCT  layers  are  comparable  in  qual¬ 
ity  to  those  grown  on  buk  CdTe.  A  0.5-pm-thick  CdTe  cap 


was  grown  on  the  MCT  as  a  passivant  layer.  The  thickness  of 
all  the  MCT  layers  in  this  study  was  7  pm,  and  the  composi¬ 
tion  X  was  in  the  range  0.27-0.31. 

Hall  mobility  and  resistivity  measurements  were  made 
in  cloverleaf-patterned  samples  with  a  magnetic  field 
strength  of  2. 1  kG,  and  over  the  temperature  range  from  20 
to  300  K.  Measurement  over  this  temperature  range  is  neces¬ 
sary  for  p-type  layers,  in  order  to  determine  the  presence  of 
any  surface  inversion.  Only  layers  which  showed  negligible 
surface  inversion  at  low  temperatures  were  used  in  our 
study.  Ohmic  contacts  were  made  by  etching  the  CdTe  cap 
near  the  contact  area  and  evaporating  Au  onto  MCT.  Some 
difficulty  was  encountered  in  making  contacts  which  were 
suitable  over  the  full  temperature  range. 

All  the  layers  grown  in  this  reactor,  without  any  inten¬ 
tional  doping,  were  weakly  n-type  (in  the  low  lO'*  cm"  ' 
range)  due  to  the  presence  of  residual  impurities  in  the 
chemicals.  The  Hall  coefficient  and  Hall  mobility  for  a  MCT 
layer  with  no  intentional  doping  is  shown  irt  Fig.  1.  The 
curve  shows  typical  n-type  behavior  with  a  carrier  concen¬ 
tration  of  3.5  X  10'"  cm"  '.  The  Hall  mobility  at  40  K  was 
2.3  X  10'*  em'/V  s,  which  is  typical  for  layers  of  this  compo¬ 
sition  (30%  Cd)  and  doping  concentration.  This  result 
shows  that  the  net  Hg  vacancy  concentration  in  the  layers  is 
low,  assuming  low  compensation.  The  «-type  doping  levels 
generally  observed  were  in  the  range  2-4 X  10"  cm"',  for 
layers  of  20-30%  cadmium  composition. 

Arsenic-doped  layers  were  grown  with  p-doping  levels 
from  3.5 X  10'"  to  1.1  X  10''’  cm"  '.  No  evidence  of  surface 
inversion  was  observed  in  these  doped  layers,  except  for  low¬ 
er  doped  samples,  and  at  temperatures  below  30  K.  Figure  2 
shows  the  Hall  coefficient  as  a  function  of  inverse  tempera¬ 
ture  for  a  MCT  layer  with  x  =  0.27  grown  with  350  seem  of 
arsine  flow,  with  a  doping  concentration  of  about  1.1  X  10''’ 
cm"  '.  Here,  classical  p-type  behavior  is  observed  through¬ 
out  the  temperature  range.  Figure  3  showed  the  measured 
mobility  as  a  function  of  temperature  for  this  layer.  The  low- 
temperature  mobility  values  remained  constant  at  ~500 
cm "  W  s  down  to  20  K  and  showed  negligible  change 
(  <  5%)  when  the  magnetic  field  was  increased  from  2.1  to 
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perature  for  an  undoped  MCT  layer  of  composition  x  =  0  3.  PIG  Hall  mobility  as  a  function  ofreciprocal  temperature  for  the  layen 

Fig.  2 


4,5  kG,  indicating  the  absence  of  any  surface  inversion.  The 
fiigh  value  of  hole  mobility  observed  here  indicates  that  most 
of  the  As  is  electrically  active  in  the  layer. 

The  doping  concentration  increased  from  3.5  X  lO"  to 


lOOO/T  (K  ') 


nC.  2.  Hall  coefficient  as  a  function  of  reciprocal  temperature  for  a  MCT 
layer,  grown  with  an  arsine  flow  of  350  sccm/min  ( I  7x  10' '  atm) 


1 . 1  X  I0''“  cm  '  '  as  the  arsine  flow  was  increased  from  60  !■ 
350  seem,  with  all  other  growth  parameters  held  constant 
An  almost  linear  relationship  between  the  doping  concentra 
tion  and  the  arsine  flow  rate  was  observed.  This  suggests  ; 
high  degree  of  As  incorporation  into  the  Te  lattice  sites,  anc 
indicates  the  possibility  of  increasing  the  doping  concentra 
tion  beyond  1.1  X 10"’  cm"  '.  Finally,  all  the  layers  studiec 
showed  high  mobility  (400-600  cmVV  s)  at  low  tempera 
ture. 

In  order  to  determine  the  acceptor  ionization  energy 


NET  ACCEPTOR  CONC.,  Na-Nd  (cm"’ ) 


FIG.  4  Activation  energy  of  As  acceptors  as  a  function  of  the  net  acceptor 
conceiiiralion,  A'„  —  A, 
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and  the  acceptor  doping  concentration,  the  low-temperature 
Hall  coefficient  curve  was  fitted  to  the  theoretical  model  as¬ 
suming  a  fully  ionized  donor  Aj  and  a  single  acceptor  A'„  at 
£■„  above  the  valence  band.'"'  '''  The  activation  energies  ob¬ 
tained  from  this  fit  are  shown  in  Fig.  4.  Also  shown  are  the 
ionization  energies  measured  for  arsenic  in  doped  bulk  wa¬ 
fers''’  and  in  LPE  epilayers  grown  from  Hg-rich  melts,'^  for 
X  values  in  the  range  0.2-0.3.  The  activation  energy  £„  de¬ 
creased  with  increasing  doping  concentration  as  expected, 
due  to  the  increased  interaction  between  neighboring  impu¬ 
rity  atoms.”"* The  ionization  energy  for  the  mercury  accep¬ 
tor  is  generally  found  to  be  a  factor  of  2  higher  than  that  for 
the  arsenic. 

Isothermal  annealing  was  carried  out  in  order  to  annihi¬ 
late  the  excess  mercury  vacancies,  and  reduce  their  contribu¬ 
tion  to  the  measured  acceptor  concentration.  The  annealing 
was  performed  for  1 5  h  at  205  °C,  in  a  sealed  quartz  ampoule 
in  which  a  small  amount  of  Hg  was  placed  to  maintain  a 
mercury-rich  ambient.  This  temperature  should  be  more 
than  sufficient  to  convert  the  whole  of  the  layer  to  n  type,  ”  if 
the p  doping  observed  is  due  to  the  mercury  vacancies  alone. 
For  these  experiments,  uncapped,  doped  MCT  layers  were 
grown  side  by  side,  in  the  same  run.  CdTe  substrates  were 
used  in  order  to  eliminate  the  possibility  of  any  influence 
from  the  GaAs  substrate  during  the  annealing  step.  The  as- 
grown  layer  had  a  />-type  carrier  concentration  of  3.7  x  lO"* 
cm“  '.  The  second  layer,  annealed  in  a  Hg-rich  ambient  as 
described  above,  had  a  measured  carrier  concentration  of 
4.3  X  10''’  cm  '  '.  The  small  increase  observed  here  was  most 
probably  due  to  the  nonuniformity  in  the  doping  of  the  adja¬ 
cent  layers.  However,  increased  activation  of  As  cannot  be 
ruled  out,  even  though  such  activation  of  p  dopants  has  not 
been  observed  in  low-temperature  annealed  layers  grown  by 
LPE."’  In  either  case,  it  is  seen  that  the  use  of  arsine  gas 
results  in  a  controllable  p  doping  which  can  be  relatively 
stable  during  low-temperature  processing.  The  Hall  con¬ 
stant  curves  L  •  these  samples  are  shown  in  Fig.  5. 

In  conclusion,  we  have  shown  that  As  can  be  incorpo¬ 
rated  in  MCT,  grown  by  OMVPE,  using  arsine  in  hydrogen 
as  the  dopant  gas.  Layers  were  grown  with  carrier  concen¬ 
tration  in  the  range  3.5  X  10''-3.7x  10''’  cm  and  higher 
doping  concentrations  could  be  achievable  by  using  a  higher 
concentration  of  arsine  in  hydrogen.  All  the  layers  studied 
showed  freeZeout  at  low  temperature,  and  the  ionization  en¬ 
ergy  was  calculated  from  the  theoretical  fit  to  the  Hall  coeffi¬ 
cient  curve  as  a  function  of  temperature.  The  £„  value  de¬ 
creased  with  increasing  doping  concentration,  and  is  about 
8.5  meV  for  a  doping  level  of  1.1  X  10''’  cm“'.  Isothermal 
annealing  of  doped  layers  in  Hg,  at  205  °C  for  15  h,  did  not 
decrease  the  acceptor  doping  concentration,  confirming  that 
the  doping  observed  is  due  to  arsenic,  and  not  to  an  excess  of 
Hg  vacancies.  Thus,  extrinsic  p  doping  of  MCT  has  been 
demonstrated  by  this  growth  technique. 

The  authors  would  like  to  thank  J.  Barthel  for  technical 
assistance  on  this  program  and  P.  Magilligan  for  manuscript 
preparation.  This  work  was  sponsored  by  the  Defense  Ad¬ 
vanced  Research  Projects  Agency  (contract  No.  N-0(X)14- 
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ABSTRACT 


Extrinsic  p-doped  mercury  cadmium  (MCT)  layers  have  been  grown  by 
organometallic  vapor  phase  epitaxy,  tising  arsine  in  hydrogen  as  the  dopant  gas.  Con¬ 
trollable  doping  in  the  range  3.5  x  10^^  to  4.3  x  10^^  was  obtained  when  grown  on  GaAs 
with  CdTe  buffer  layers.  Consistently  higher  doping  concentration  (a  factor  of  2-4)  was 
observed  when  a  CdTe  substrate  was  used.  This  is  believed  to  be  due  to  higher  dislocar 
tion  densities  present  when  grown  on  GaAs,  around  which  As  may  segregate.  The  cad¬ 
mium  fraction  fell  at  very  high  arsine  flow;  we  believe  that  this  is  due  to  the  pre-reaction 
of  dimethylcadmium  with  arsine.  Isothermal  annealing  under  a  Hg-rich  ambient  of  MCT 
grown  on  CdTe  substrates  did  not  produce  signiflcant  changes  in  the  measured  doping 
concentration.  This  indicates  that  the  acceptor  level  is  extrinsic  in  nature  and  that  ar¬ 
senic  behaves  as  a  stable  acceptor  dopant  in  MCT.  The  activation  energy  of  this  accep¬ 
tor  was  determined  as  a  function  of  doping,  and  is  about  one  half  the  value  of  the  accep¬ 
tor  due  to  the  Hg-vacancles. 
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INTRODUCTION 


Mercury  cadmium  telluride  (MCT  or  Hgi_xCdsTe)  layers,  grown  by  organometal- 
lic  vapor  phase  epit2ocy  (OMVPE),  have  shown  considerable  promise  for  use  in  far  in¬ 
frared  detector  applications  in  recent  years^“®.  Layers  with  the  uniformity  in  composi¬ 
tion  and  thickness  that  are  required  for  present  d^y  device  structures  can  be  grown  by 
this  method®’^.  The  as-grown  material  is  generally  p-type  due  to  the  presence  of  native 
defects  such  as  mercury  vacancies,  provided  that  the  residual  (donor)  impurities  in  the 
starting  chemicals  is  in  very  low  concentration.  To  ob^.siin  n-type  material,  these  layers 
are  often  annealed  at  low  temperatme  under  a  Hg-nch  ambient.  Instead  of  relying  on 
stoichiometry  control,  it  is  desirable  to  introduce  external  impurities  during  growth  to 
get  n-  or  p-type  layers.  The  doping  levels  of  such  layers  are  potentially  more  stable  dur¬ 
ing  subsequent  device  processing  than  those  obtained  by  native  defects. 

Various  impurities  have  been  used  in  bulk  and  many  epitaxial  growth  methods®. 
Elements  from  group  m  and  group  VXI  behave  as  n-type  dopants  and  elements  from 
group  I  and  group  V  act  as  p-type.  For  p-doping,  group  V  elements  are  preferred  be¬ 
cause  they  are  much  slower  diffusing  acceptors  and  hence  can  be  used  to  form  stable  de¬ 
vice  structures*.  However,  doping  of  MCT  by  group  V  elements  such  as  Sb,  As  and  P 
has  not  been  very  successful  by  many  growth  methods.  For  example.  As  and  Sb  doping 
by  liquid  phase  epitaxy  (LPE)  from  Te-rich  solutions  does  not  always  result  in  p-type 
layers,  even  after  the  Hg  vacancy  concentration  is  reduced  by  low  temperature  anneal 
in  Hg-rich  ambients^*.  In  molecular  beam  epitaxy,  both  Sb  and  As  behave  as  n-type 
dopants^*-. 

This  paper  describes  the  study  of  acceptor  doping  of  MCT  layers,  grown  by 
OMVPE,  using  arsine  gas  as  the  dopant  source.  In  an  earlier  study^^,  we  have  shown 
that  this  dopant  can  be  used  successfully  to  obtain  p-type  doped  CdTe  layers. 
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EXPERIMENTAL 


MCT  layers  were  grown  in  an  atmospheric  pressure,  horizontal  reactor  using  diiso¬ 
propyl  telluride,  dimethylcadmium  and  elemental  merciiry.  The  alloy  growth  method 
was  used  in  which  Cd,  Te  and  Hg  sources  are  introduced  simultaneously  into  the  reactor. 
Substrates  were  2^  misoriented  (100),  semi-insulating  GaAs,  on  which  a  2  /im  thick  un¬ 
doped  CdTe  buffer  layer  was  first  grown  at  350®  C.  In  previous  studies  we  have  shown 
that  this  thickness  is  suflBcient  so  that  subsequent  MCT  layers  are  comparable  in  qual¬ 
ity  to  those  grown  on  bulk  CdTe.  A  0.5  /jtm  thick  CdTe  cap  was  grown  on  the  MCT  as 
a  passivant  layer.  The  thickness  of  all  the  MCT  layers  reported  here  was  7  |im,  and  the 
composition  x  was  in  the  range  0.27  to  0.31.  For  doping  of  MCT  layers,  we  have  used  50 
and  500  parts  per  million  arsine  in  hydrogen.  All  the  flows  mentioned  in  this  paper  are 
in  terms  of  500  ppm  AsHs  in  Ha,  for  the  sake  of  clarity. 

Hall  mobility  and  resistivity  measurements  were  made  in  cloverleaf-pattemed  sam¬ 
ples  with  a  magnetic  fleld  strength  of  2.1  kG,  and  over  the  temperature  range  from  20  to 
300K.  Measiirement  over  this  temperature  is  necessary  for  p-type  layers,  in  order  to  de¬ 
termine  the  presence  of  any  surface  inversion^*.  Only  layers  which  showed  negligible  sur¬ 
face  inversion  at  low  temperatures  were  used  in  our  study.  Ohmic  contacts  were  made 
by  etching  the  CdTe  cap  near  the  contact  area  and  evaporating  Au  on  to  the  MCT.  The 
CdTe  cap  is  always  present  in  the  active  area,  which  enabled  us  to  measure  low  doped 
p-type  layers  without  seeing  surface  inversion  effects  down  to  30K. 

RESULTS  AND  DISCUSSION 

Many  undoped  layers  were  grown  on  GaAs  in  this  reactor,  in  order  to  determine 
the  background  doping  level.  This  was  necessary  in  order  to  separate  out  the  doping  ef¬ 
fect  due  to  Hg  vacancies  from  that  of  the  intentional  dopant.  As.  All  the  layers  grown  in 
this  reactor,  without  any  intentional  doping,  were  weakly  n-type  (in  the  low  10^®  cm“® 
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range)  or  weakly  p-type  with  anomalous  behavior.  This  backgroimd  doping  level  (ei¬ 
ther  n-type  or  p-t]rpe)  seems  to  depend  on  many  factors  such  as  type  of  substrates  used 
(CdTe  or  GaAs),  the  reactor  configuration,  the  Hg  pairtiaJ  pressure  and  the  purity  of  the 
chemicab.  In  all  the  growth  runs,  all  these  parameters  were  kept  constant  so  that  any 
changes  in  the  doping  concentration  measured  are  due  to  arsine  alone.  Figme  1  shows 
the  Hall  mobility  and  Hall  coefficient  for  a  typical  undoped  MCT  layer  grown  on  GaAs 
with  a  CdTe  buffer  layer.  The  curve  shows  n-type  behavior  with  a  carrier  concentration 
of  3.5  X  10^®  cm~®.  The  Hall  mobility  at  40K  was  2.3  x  10*  cm^/Vs,  which  is  typical  for 
layers  of  this  composition  (30%  Cd)  and  doping  concentration.  This  result  shows  that 
the  net  Hg  vacancy  concentration  in  the  layers  is  low,  mmnming  low  compensation. 

Arsenic  doped  MCT  layers  on  GaAs  were  grown  with  p-doping  levels  in  the  range 
3.5  X  10^®  cm~^  to  4.3  x  10^®  cm~®.  No  evidence  of  surface  inversion  was  observed  in  ^ 
these  doped  layers,  except  for  lower  doped  samples,  and  at  temperatures  below  30K. 
Figure  2  shows  the  Hall  coefficient  versus  inverse  temperature  for  three  layers  grown 
with  different  flows  of  AsHs.  For  all  layers,  the  composition  x  was  in  the  range  0.27  to 
0.3.  It  is  clear  that  an  increase  in  doping  concentration  is  observed  as  the  AsHg  flow  is 
increased.  For  a  50  seem  of  AsHs  flow,  the  carrier  concentration  measiired  was  1.5  x  10^® 
cm“®  and  for  a  350  seem  of  AsHa  flow,  the  carrier  concentration  was  4.3  x  10^®  cm“®. 
As  expected,  the  transition  temperature,  from  n-  to  p*type,  occurs  at  higher  tempera¬ 
ture  for  higher  doped  layers.  Preliminary  studies  done  with  layers  of  various  composition 
indicates  that  the  doping  level  is  rather  insensitive  to  composition. 

Figure  3  shows  the  net  acceptor  concentration  as  a  function  of  arsine  flow  rate.  The 
measured  doping  concentration  increased  from  3.5  x  10^®  cm~®  to  4.3  x  10^®  cm~®  as 
the  arsine  flow  was  increased  from  5  seem  to  250  seem,  with  all  the  other  parameters 
held  constant.  The  mobility  of  these  films  was  in  the  range  of  400-600  cm^/Vs,  which  is 
comparable  to  that  of  bulk  p-type  films  using  Hg-vacancy  doping.  Increasing  the  arsine 
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flow  beyond  250  seem  did  not  inerease  the  doping,  but  sueh  filmH  had  lo^er  temperature 
mobilities  eompared  to  those  grown  with  250  seem  arsine  flow.  This  indieates  that  these 
films  are  more  eompensated. 

We  have  seen  eonsistently  higher  doping  when  a  CdTe  substrate  is  iised  instead  of  a 
GaAs  substrate,  by  a  faetor  of  2-4.  The  maximum  aeeeptor  eoneentration  obt^ed  when 
grown  on  CdTe  substrates  was  8.3  x  10^^  em~^.  Similar  substrate  effeets  were  noted 
when  arsine  gas  was  used  to  dope  CdTe  layers,  i.e.,  epitaxial  CdTe  grown  on  CdTe  had 
higher  active  concentration  than  CdTe  grown  on  GaAs.  We  believe  this  is  due  to  the 
difference  in  the  crystal  quality  between  the  layers  grown  on  these  two  substrates.  The 
MCT  layers  grown  on  GaAs  may  have  higher  densities  of  dislocations,  around  which  As 
may  segregate,  thus  showing  a  lower  acceptor  concentration. 

The  composition  of  the  layers  was  also  a  function  of  arsine  flow  at  high  doping  lev¬ 
els.  The  layer  became  increasingly  Hg-rich  and  composition  x  fell  below  0.2  as  the  ar¬ 
sine  flow  was  increased  beyond  350  seem.  This  may  be  because  of  the  pre-reaction  be¬ 
tween  dimethylcadmium  and  arsine,  which  would  reduce  the  effective  partial  presstire 
of  dimethylcadmium.  Changes  in  the  layer  composition  with  dopant  gas  were  also  ob¬ 
served  by  other  workers  in  OMVP E-IMP  grown  layers^®  doped  with  trimethylarsenic 
(TMAs)  and  trimethylantimony  (TMSb).  They  have  seen  an  increase  in  x  when  TMAs 
was  added,  whereas  a  decrease  in  x  was  observed  when  TMSb  was  introduced.  It  ap¬ 
pears  the  introduction  of  these  dopants  alters  the  relative  adsorption  of  Cd  and  Eg 
species,  thus  changing  the  composition  of  the  grown  layers. 

In  order  to  determine  the  acceptor  ionization  energy  and  the  acceptor  doping  con¬ 
centration,  the  low  temperature  Hall  coeflicient  curve  was  fitted  to  the  theoretical  model 
assuming  a  fully  ionized  donor  N<i,  and  a  single  acceptor  at  Eq  above  the  valence 
band^^'^^.  The  activation  energies  obtained  from  this  fit  are  shown  in  Fig.  4.  The  acti¬ 
vation  energy  Ea  decreased  with  increasing  doping  concentration  as  expected,  due  to  the 
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increased  interaction  between  neighboring  impurity  atoms^*'^*^.  The  figure  also  shows 
the  ionization  energy  for  the  Hg-vacancy  acceptor,  obtained  from  Ref  (17).  The  ioniza¬ 
tion  energy  obtained  for  arsenic  is  consistently  a  factor  of  2  less  than  that  for  Hg  accep¬ 
tors.  The  same  order  of  difference  in  the  ionization  energy  between  Hg  vacancies  and 
external  impmities  has  been  observed  in  bulk  and  LPE  doped  films. 

Isothermal  annealing  was  carried  out  in  order  to  annihilate  the  excess  mercury  var 
cancies,  and  reduce  their  contribution  to  the  measured  aurceptor  concentration.  The 
annealing  was  performed  for  15  hours  at  205^0,  in  a  sealed  quartz  ampoule  in  which 
a  small  amount  of  Hg  was  placed  to  maintain  a  mercury-rich  ambient.  This  tempera¬ 
ture  should  be  more  than  sufiicient  to  convert  the  whole  of  the  layer  to  n-type^,  if  the 
p-doping  observed  is  due  to  the  mercury  vacancies  alone.  For  these  experiments,  un¬ 
capped,  doped  MCT  layers  were  grown  side-by-side,  in  the  same  run.  CdTe  substrates 
were  used  in  order  to  eliminate  the  possibility  of  any  infiuence  from  the  GaAs  substrate 
during  the  annealing  step.  Several  layers,  with  the  doping  concentrations  in  the  range 
3  X  10^®  cm”®  to  8.3  x  10^®  cm”®  were  annealed.  In  all  cases,  there  was  no  measurable 
change  in  the  doping  concentration.  Both  annealed  and  unannealed  layers  had  the  car¬ 
rier  concentration  within  15%.  Figure  5  shows  the  Hall  coefficient  vs.  temperature  for 
one  such  layer  where  the  as-grown  layer  had  the  carrier  concentration  of  3.7  x  10*^®  cm”®. 
The  carrier  concentration  after  annealing  was  4.3  x  10^®  cm”®.  This  small  increase  in  the 
carrier  concentration  could  be  due  to  increased  activation  of  arsenic  in  MCT,  or  perhaps 
due  to  non-uniformity  in  doping.  A  layer  with  carrier  concentration  of  8.3  x  10^®  also 
remained  relatively  unchanged  after  annealing. 

CONCLUSIONS 

We  have  shown  that  As  can  be  incorporated  in  MCT,  grown  by  OMVPE  using 
arsine  as  the  dopant  gas.  Layers  were  grown  with  carrier  concentration  in  the  range 
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3.5x10^  cm“*  to  8.3x10^®  cm"®.  All  the  layers  showed  the  freezeout  at  lower  tempera¬ 
ture  and  the  kmization  energy  was  caJculated  from  a  theoretical  fit  to  the  Hall  coefficient 
curve  as  a  function  of  temperature.  Thfe  composition  of  the  MCT  layer,  changed  rapidly, 
becoming  HgTe  rich  when  the  arsine  flow  was  increased  above  350  seem  (500  ppm) ,  and 
is  believed  to  be  due  to  the  pre-reaction  of  dimethylcadmium  with  arsine.  Isothermal 
annealing  of  the  layers  grown  on  CdTe  has  shown  that  the  measured  carrier  concentra¬ 
tion  is  due  to  As  alone.  This  is  evidenced  by  the  negligible  change  in  the  doping  concen¬ 
tration  between  unannealed  layers  and  those  annealed  for  15  hours  at  205*’C. 
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LEGENDS 


Figure  1  Hall  mobility  and  Hall  coefficient  for  an  undoped  MCT  layer  grown  on  GaAs. 
Figure  2  Hall  coefficient  for  three  MCT  layers,  with  different  arsine  flow  conditions. 

Figure  3  Net  acceptor  concentration  as  a  function  of  arsine  flow.  (  ):  GaAs  substrate,  (A); 
CdTe  substrate. 

Figure  4  (  •)  Activation  energies  of  arsenic  in  MCT.  The  energy  of  Hg-vacancies  is  also 
shown  (+)  for  comparison  (Ref.  17). 

Figure  5  Hall  coefficient  for  a  MCT  layer,  before  and  after  annealing. 
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APPENDDC-D 


COMPUTER  SIMULATION  MODEL 
FOR  THE  EVALUATION  OF  HALL  DATA 

The  temperature  dependence  of  R//  and  a  was  treated  in  terms  of  a  three  carrier 
model.  The  three  types  of  carriers  were:  bulk  holes,  bulk  electrons  and  surface  electrons. 
It  was  assumed  that  surface  and  bulk  layers  are  in  electrical  communication.  A  uniform 
bulk  doping  was  assumed.  In  such  a  case  the  Hall  coefficient  of  the  total  layer  is  given 
by: 


where 


1 

B  -j- 

xx  ^  xy 


and 


^XX  —  9 


mn  PMp  \ 

1  +  1  +  1  +  / 


^  \l  +  tilB^  I  +  {ilB^  l  +  n'iB^) 

Here,  n  and  p  represent  the  bulk  electron  and  hole  concentrations,  and  n,  represents 
the  average  concentration  (sheet  concentration,  iV,,  divided  by  the  epilayer  thickness) 
of  the  surface  electrons.  Pp,  and  p,  represent  the  corresponding  mobilities.  The  ef¬ 
fect  of  light  holes  is  ignored  in  these  calculations.  In  the  case  of  p-type  layers,  the  bulk 
carrier  concentrations  were  calculated  by  solving  for  p  from  the  following  charge  balance 
relation: 


p  =  n?/p  -  Nd  +  NaI\1  +  4(p/iNr„)czp{E>i/fcr)] 


where  =  2  x 


Here  is  the  acceptor  concentration  and  Nd  is  the  donor  concentration.  is 
the  effective  density  of  states  at  the  valence  band  edge.  The  acceptors  were  taken  to  be 
singly  ionized  with  an  ionization  energy  of  Ea-  In  the  case  of  n-type  layers,  as  there  is 
no  donor  freeze-out,  the  electron  concentration  is  obtained  using  the  simpler  relation; 

^  {Np-  Na)  +  {{Np  -  Na)^  +  4n?}^/^ 

The  surface  electron  concentration  was  assumed  to  be  independent  of  the  temperature. 

The  hole  mobility  was  assumed  to  be  limited  by  lattice  scattering  (with  a  y-i  ®  de¬ 
pendence),  and  low  temperature  alloy/ionized  impurity  scattering,  which  was  assumed 
to  be  temperature  independent.  The  bulk  electron  mobility  was  calculated  by  multiply¬ 
ing  the  hole  mobility  by  the  inverse  of  the  effective  mass  ratio.  For  the  surface  electrons, 
an  additional,  temperature  independent,  surface  scattering  limited  mobility  was  also  in¬ 
cluded.  These  relations  are  summarized  below: 


Mp  =  l/[l/{M30o(300/r)'®}  +  1/Mpol 

H,  =  l/(l//in  +  1/m«o) 

Here,  fi^oo  is  the  lattice  scattering  limited  mobility  of  holes  at  300K,  and  fipo  is  hole  mo¬ 
bility  in  the  low  temperature  limit,  in  the  absence  of  lattice  scattering.  Similarly,  /z,o  is 
the  mobility  of  the  surface  electrons  in  the  low  temperature  limit.  In  practice,  the  hole 
mobility  does  not  increase  steadily  with  decreasing  temperature;  instead  it  peaks  around 
40-20K  [19].  However,  for  simplicity,  the  above  model  for  mobility  was  assumed.  For  an¬ 
alyzing  the  Hall  data,  the  composition  and  thickness  of  the  layer  were  meaisured  using 
an  FTIR.  Then,  the  values  Na,  Nd,  Ea,  Ns,  Mo>  and  fis  were  varied  and  optimized  till 
a  reasonable  fit  to  the  experimental  Rf{  and  a  is  obtained.  In  the  case  of  p-type  layers. 
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I  the  fit  was  more  sensitive  to  the  value  of  {Na-Nd)  rather  than  their  individual  values. 

As  a  result,  iVp  was  chosen  to  be  around  5  x  10*^^/cc,  as  determined  from  the  residual 
donor  concentration  in  the  fully  annealed  layers.  Using  this  value  of  Njj,  Na  was  opti¬ 
mized.  In  the  case  of  n-type  layers,  the  net  donor  concentration  can  be  determined  by 
measuring  the  electron  concentration  in  the  layer  at  low  temperatures,  since  the  donors 
do  not  undergo  thermal  freeze-out.  However,  the  presence  of  surface  electrons  can  lead 
to  an  overestimation  of  the  actual  bulk  donor  concentration,  unless  care  is  taken  to  ac¬ 
count  for  them.  The  actual  bulk  and  surface  electron  concentration  and  mobility  in 
these  n-type  layers  were  determined  by  analyzing  the  variation  in  the  Rh  of  the  layer 

[  with  B-field,  since  this  approach  is  more  convenient  and  accurate  compared  to  the  tech- 

I 

I  nique  described  previously.  For  an  n-type  layer  having  a  surface  electron  accumulation 

layer  the  is  given  by: 

I 
! 

Rh  =  (Cl  +  C2B^)I{1  -h  CsB^) 

where 

Cl  =  -g  • 

€2  =  -q-  +  n,)/a^ 

Cz  =  q^  ■  nlfiiin  -t-  n,)^l(r'^ 

and 


o  =  q-  {nnn  +  n,fi,) 

Here  n  is  the  bulk  electron  concentration  and  n,  is  the  average  concentration  (sheet  elec¬ 
tron  concentration  divided  by  the  total  epi-layer  thickness)  of  the  surface  electrons.  /i„ 
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and  fig  are  the  corresponding  mobilities.  Ry  was  measured  at  different  values  of  B-field 
and  from  this  data  the  various  bulk  and  surface  pau’ameters  were  evaluated.  This  vari¬ 
able  B-field  approach  can  be  used  for  analyzing  the  p-type  layers  as  well.  However,  due 
to  the  low  mobility  of  the  bulk  holes,  very  high  B-fields  are  required  for  successfully  an¬ 
alyzing  light  p-type  layers  having  surface  inversion  layers.  In  addition,  due  to  the  freeze- 
out  of  holes,  the  actual  acceptor  concentration  and  the  acceptor  cictivation  energy  can  be 
evaluated  only  by  analyzing  the  temperature  dependence  of  the  hole  concentration.  As  a 
result,  p-type  layers  were  exclusively  analyzed  by  studying  the  temperature  dependence 
of  the  Rfj  and  a. 
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